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Abstract 

Buckled  membranes  are  commonly  used  microelectromechanical  systems  (MEMS) 
structures.  Recent  work  has  demonstrated  that  the  deflection  and  stiffness  of  these 
membranes  can  be  tuned  through  localized  joule  heating.  These  devices  were  imple¬ 
mented  into  the  design  and  fabrication  of  two  novel  device  applications,  a  tunable 
pressure  sensor  and  a  steerable  micromirror.  A  differential  pressure  across  the  mem¬ 
brane  causes  deflection,  up  or  down,  which  can  be  measured  and  related  to  a  specific 
pressure.  By  tuning  the  stiffness  of  the  membrane,  its  pressure  response  is  varied 
providing  a  wider  range  of  application  for  the  pressure  sensor.  A  2.0mm  by  2.0mm 
square  membrane  demonstrated  a  60  percent  decrease  in  pressure  sensitivity  from 
1.433/im/psi  to  0.55/im/psi.  A  steerable  micromirror  was  realized  by  selectively  heat¬ 
ing  a  single  quadrant  of  a  buckled  membrane,  localized  heating  results  in  membrane 
deflection  constrained  to  that  quadrant. 
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NOVEL  APPLICATIONS  OF  A  THERMALLY  TUNABLE  BISTABLE 
BUCKLING  SILICON-ON-INSULATOR  (SOI)  MICROFABRICATED 

MEMBRANE 

I.  Introduction 

Microelectromechanical  Systems  (MEMS)  buckled  membranes  are  used  in  a  wide 
range  of  applications  ranging  from  stiffness  tuning,  contact  actuation,  pressure  actua¬ 
tion,  and  pressure  sensing.  Buckling  can  be  an  undesirable  failure  mechanism  in  some 
mechanical  structures,  however,  the  ability  of  MEMS  membranes  to  buckle  under  a 
compressive  stress  provides  some  advantageous  characteristics.  A  buckled  membrane 
can  be  treated  as  a  spring  that  will  exhibit  regions  of  positive  and  negative  stiffness 
depending  on  its  deflection  due  to  it’s  internal  energy.  The  mechanical  characteristics 
of  these  membranes  are  demonstrated  to  be  tunable.  With  the  introduction  of  addi¬ 
tional  stress,  through  localized  heating,  it  has  been  demonstrated  that  the  membrane 
will  increase  it’s  initial  deflection  which,  in  turn,  alters  it’s  stiffness. 

This  research  investigates  two  applications  of  these  buckled  membranes.  The  hrst 
is  a  tunable  pressure  sensor.  It  is  demonstrated  through  theory  and  experimentation 
that  the  stiffness  of  a  buckled  membrane  can  be  increased  by  applying  thermal  stress 
to  the  membrane.  The  increased  stiffness  of  the  membrane  shows  a  diminishing  ef¬ 
fect  on  the  membranes  mechanical  response  to  an  applied  pressure.  The  mechanical 
response  of  a  typical  pressure  sensor  is  determined  by  physical  factors  such  as  surface 
area  and  thickness  as  well  as  mechanical  properties  like  the  Young’s  modulus  and 
Poisson’s  ratio  of  the  material  of  the  sensor.  These  hxed  values  result  in  a  single 
pressure  response  prohle  which  is  unable  to  adapt  to  its  environment.  With  a  tun- 
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able  pressure  sensor,  the  response  profile  can  be  adjusted  to  accommodate  different 
environmental  conditions,  giving  the  sensor  a  broader  range  of  application. 

The  second  application  is  a  multidirectional  electrothermal  actuator.  By  intro¬ 
ducing  a  localized  heat  source  to  one  quadrant  of  the  membrane,  the  stress  induced 
is  kept  within  that  local  region  causing  a  conhned  area  of  deflection.  By  bonding  a 
micromirror  structure  to  the  membrane,  it  is  shown  that  the  tilt  angle  can  be  varied 
along  the  different  axes  of  the  membrane. 

The  fabrication  and  characterization  of  these  membranes  combined  with  the  abil¬ 
ity  to  integrate  them  into  fully  realized  devices  are  the  two  keys  to  successful  comple¬ 
tion  of  this  research  area.  Chapter  II  will  provide  detailed  background  information  to 
include  a  overview  of  MEMS,  fabrication  techniques,  related  membrane  theory,  and 
previous  work  and  related  applications  in  the  areas  of  buckled  membranes. 

Chapter  III  will  discuss  the  fabrication  of  the  devices  studied  in  this  research 
including  the  membrane  fabrication,  heater  fabrication,  and  bonding  and  integration 
of  the  devices.  Additionally,  a  description  of  the  tools  used  for  measuring  and  testing 
is  given  followed  by  a  discussion  on  modeling  simulation  techniques  used  for  this 
research. 

Chapter  IV  presents  the  results  of  simulation  and  measurement  of  the  membranes 
and  Chapter  V  provides  detailed  analysis  of  those  results  and  how  they  compare  to 
theory.  Finally,  the  conclusions  and  recommendations  are  provided  in  Chapter  VI. 
A  description  of  the  contributions  provided  by  this  research  is  provided  followed  by 
recommendations  for  future  work  relating  to  buckled  membrane  applications. 
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II.  Background 


This  chapter  provides  relevant  background  on  the  fabrication  and  uses  of  buckled 
membranes.  The  first  section  provides  a  brief  introduction  to  MEMS  to  include  a 
description  of  what  MEMS  are  as  well  as  a  discussion  on  the  basic  principles  of 
MEMS  fabrication,  specifically  those  methods  used  in  this  research.  The  next  section 
covers  the  relevant  theory  related  to  this  work  such  as  basic  spring  theory  as  well 
as  related  topics  such  as  bi-stability  and  negative  stiffness.  Lastly,  an  overview  of 
previous  work  in  related  areas  is  given. 

2.1  MEMS  Overview 

MEMS  are  mechanical  and  electrical  devices  that  are  fabricated  on  the  micro¬ 
scale.  This  relatively  new  field  came  about  around  the  early  eighties  and  grew  out  of, 
and  continues  to  grow  with,  the  same  technology  used  in  the  integrated  circuit  (IC) 
industry  [1]. 

The  first  mass-produced  MEMS  devices  were  the  manifold  absolute  pressure  (MAP) 
sensor  and  disposable  medical  blood  pressure  sensor,  which  both  hit  the  market  in 
1982  [2].  Since  then,  MEMS  technology  has  undergone  rapid  growth  and  maturation. 
MEMS  devices  are  found  in  many  commercially  available  products  today  with  an 
estimated  market  value  at  $7  billion  [3]. 

In  order  to  fully  understand  how  MEMS  devices  function,  a  basic  understanding  of 
the  processes  used  in  fabricating  them  is  required.  There  are  three  common  methods 
of  fabricating  MEMS  structures;  surface  micromachining,  bulk  micromachining,  and 
micromolding.  The  following  section  will  provide  a  description  of  these  three  MEMS 
processing  techniques. 
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2.1.1  Photolithography. 


Photolithography  is  an  important  processing  step  that  is  used  in  any  MEMS 
fabrication.  This  process,  shown  by  Figure  1,  is  used  to  pattern  the  features  of  a 
MEMS  device. 

The  hrst  step  of  this  process  is  the  spin  deposition  of  a  layer  of  photoresist  at  a 
certain  speed  for  a  certain  time  to  achieve  the  desired  thickness.  For  example,  S1818 
photoresist  will  have  a  thickness  of  1.8/im  if  spun  at  4000  RPM  for  30  seconds.  Follow¬ 
ing  the  deposition  is  “soft  baking”  it  at  a  specific  temperature  and  time  (e.q.  S1818 
photoresist  is  soft  baked  at  110  C  for  75  seconds)  [4])  This  step  removes  a  portion 
of  the  solvent  from  this  layer  to  establish  hrmness  [1].  When  exposed  to  ultraviolet 
(UV))  light  one  of  two  things  will  happen  depending  on  the  type  of  photoresist  being 
used.  With  positive  photoresist,  the  UV  light  causes  polymer  chains  to  break  down. 
With  negative  photoresist,  the  UV  light  causes  cross-linking  polymerization  to  occur 
[5].  In  each  case,  the  UV  light  is  shown  through  a  mask  which  establishes  the  desired 
pattern. 

2. 1.1.1  Liftoff. 

Liftoff  is  a  process  for  patterning  a  deposited  material  such  as  metal.  This  process 
illustrated  by  Figure  2  begins  with  the  application  of  a  layer  of  photoresist  such  as 
S1818.  This  photoresist  has  a  typical  thickness  of  1.8pm  once  applied.  Following 
the  photoresist  application  it  is  patterned  to  remove  photoresist  in  areas  where  the 
metal  layers  of  the  heater  are  desired  on  the  substrate.  The  heater  material  is  then 
deposited  using  electron  beam  evaporation.  Due  to  the  evaporation  process,  the  metal 
is  deposited  uniformly  across  the  surface  with  minimal  side  wall  coating  which  makes 
it  an  ideal  process  for  the  liftoff  procedure.  Once  the  deposition  is  complete,  the 
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Figure  1.  Photolithography  process  showing  both  positive  photoresist  and  negative 
photoresist  [6]. 


remaining  metal  is  removed  by  simply  lifting  it  off  of  the  substrate  and  removing  the 
underlying  photoresist  leaving  only  the  heater. 


2. 1.1. 2  SU-8  Photoresist. 

Following  the  UV  exposure,  the  photoresist  is  submerged  in  a  developer  solution. 
The  developer  washes  away  any  non  cross-linked  photoresist.  If  positive  photoresist  is 
used,  the  photoresist  that  was  exposed  to  the  UV  light  will  be  developed.  If  negative 
photoresist  is  used,  the  photoresist  that  was  masked  will  be  developed. 

SU-8  is  a  thick,  high  contrast,  epoxy-based,  negative  tone  photoresist  commonly 
used  in  micromachining  high-aspect  ratio  microelectromechanical  systems  (MEMS) 
devices  and  other  microelectronics  applications  [7].  Through  UV  exposure  and  post 
exposure  bake  steps,  SU-8  layers  become  cross-linked,  robust  and  very  resistant  to 
standard  developers  and  also  a  wide  range  of  etching  methods  (e.g.  O2  plasma  ash- 


5 


1 


2 


f  f  W  f  « 


Figure  2.  Step  by  step  diagram  of  the  liftoff  process. Starting  with  a  clean  SOI  wafer  (1) 
a  layer  of  photoresist  is  applied  (2).  The  photoresist  is  patterned  with  a  mask  and  UV 
light  (3)  and  developed  (4).  A  layer  of  metal  is  evaporated  on  to  the  surface  providing  a 
uniform  coating  (5).  Finally,  the  unwanted  metal  is  lifted  off  and  remaining  photoresist 
is  removed  (6). 


ing,  reactive  ion  etching  (RIE),  corrosive  chemistry  etches,  etc),  thus  making  SU-8 
an  excellent  masking  material  during  fabrication  and  adhesive  material  when  assem¬ 
bling  and  packaging  MEMS  devices.  The  exposure  step  creates  an  acid  and  the  post 
exposure  bake  thermally  activates  the  acid  to  cross-link  the  exposed  SU-8  areas  [8]. 
The  challenge  is  determining  the  optimum  level  of  SU-8  cross-linking  to  maximize 
bond  strength.  SU-8  is  used  in  microfluidics,  nanoimprint  lithography,  and  other 
applications  that  require  advanced  photolithography  techniques.  The  advantages  of 
using  SU-8  include:  biocompatibility,  low  levels  of  out  gassing  when  used  in  vacuum, 
thermal  stability,  and  highly  robust  hlms/structures  suitable  for  harsh,  corrosive  en¬ 
vironments  [9]. 


2.1.2  Surface  Micromachining. 

Surface  micro-machined  is  an  additive  process  in  which  features  are  built  up  layer 
by  layer  upon  the  surface  of  a  substrate  [10,  11].  Surface  deposition  processes  such 
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as  Low  pressure  chemical  vapor  deposition  (LPCVD),  sputtering,  or  evaporation  of 
materials  are  used  to  build  the  many  layers  of  the  MEMS  structures.  Typically 
these  layers  are  very  thin  (0.5-4/im)  and  flat.  After  each  deposition  process,  the 
previously  deposited  layer  is  prohled  to  the  desired  shape  with  photolithography  and 
selective  etching  methods.  In  between  the  structural  layers,  sacrihcial  layers  are 
deposited.  These  layers,  which  are  removed  during  the  final  release  process,  provide 
separation  between  structural  layers  and  allow  for  suspended  devices  such  as  beams 
and  cantilevers.  The  release  process  involves  the  removal  of  the  sacrihcial  layer  by 
chemical  etching.  A  common  material  for  a  sacrihcial  layer  is  Si02.  It  is  etched  with 
hydrohouric  (HE)  acid.  Because  of  HE  acid’s  high  selectivity  between  Si  and  Si02 
the  sacrihcial  layer  is  etched  while  the  structural  polysilicon  layers  remain  untouched. 
Two  processes.  Polysilicon  Multi  User  MEMS  Process  (PolyMUMPS)  and  Sandia 
Ultra-planar  Multi-level  MEMS  Technology  (SUMMIT),  are  available  that  use  these 
surface  micromachining  techniques  to  fabricate  MEMS  devices  [12,  13]. 

2. 1.2.1  PolyMUMPS. 

PolyMUMPS  is  a  commercial  MEMS  fabrication  process  which  allows  for  up  to 
two  releasable  or  structural  mechanical  layers.  The  advantages  of  this  method  is  that 
it  is  simple,  has  a  rapid  turn-around  time  (two  months)  is  relatively  inexpensive,  and 
allows  for  a  certain  degree  in  hexibility  with  its  design  rules.  Some  disadvantages  of 
this  method  are  that  the  minimum  feature  dimensions  and  spacing  between  features 
are  generally  two  to  three  microns  in  size,  the  designer  is  restricted  to  two  structural 
layers,  and  all  layers  are  conformal  to  the  underlying  topography.  Because  of  these 
restrictions,  there  are  certain  limitations  to  design  possibilities  such  as  having  to  have 
all  mechanical  structures  on  the  same  layer  [12]. 
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Figure  3.  Cross  sectional  view  of  all  seven  layers  of  the  PolyMUMPS  process.  [12] 

The  fabrication  process  begins,  illustrated  by  Figure  3  with  a  (100)  n-type  doped 
silicon  substrate.  A  O.Opm  thich  layer  of  silicon  nitried  is  deposited  on  the  surface 
using  LPCVD.  This  layer  provides  electrical  isolation  between  the  substrate  and  the 
MEMS  devices.  This  is  followed  by  a  0.5/tm  thick  layer  of  polysilicon  called  PolyO 
beind  deposited  and  patterned.  A  2.0/tm  Si02  layer  called  1®*  oxide  is  then  deposited 
and  anealed  for  1050°C.  This  annealing  both  dopes  the  polysilicon  and  reduces  the 
residual  him  stress.  The  next  step  etches  anchors  and  dimples  into  the  sacrificial  oxide 
layer.  The  anchors  allow  the  subsequent  polysilicon  layer  a  way  to  be  mechanically 
connected  to  the  PolyO  or  bottom  layer.  The  dimples  are  etched  partially  through  the 
sacrihcial  oxide  layer  which  will  provide  a  small  bearing  surface  for  the  mechanical 
polysilicon  layer  in  order  to  avoid  stiction.  Following  the  anchor  and  dimple  etches, 
a  2.0/xm  thick  layer  of  polysilicon  is  deposited  known  as  Polyl.  This  polysilicon  layer 
is  patterned  and  a  second  sacrihcial  oxide  layer,  0.75/xm  thick,  is  deposited  and  vias 
are  once  again  etched.  A  third  1.5/rm  thick  polysilicon  layer,  Poly2,  is  deposited  and 
patterned  [12].  Figure  4  shows  an  SEM  image  of  a  corner  cube  rehector  fabricated 
using  the  PolyMUMPS  process.  This  images  illustrates  the  ability  to  fabricate  hinges 
for  self-assembling  structures  with  this  process. 
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Figure  4.  Scanning  electron  microscope  (SEM)  image  of  a  MEMS  corner  cube  reflector 
fabricated  using  the  PolyMUMPS  process  [12]. 


2. 1.2. 2  SUMMIT  V. 

SUMMIT  V  is  a  MEMS  fabrication  process  invented  at  Sandia  National  Labs. 
It  offers  several  advantages  over  the  PolyMUMPS  process  such  as  tighter  tolerances, 
smaller  feature  size  and  spacing,  (typically  one  half  to  one  micron,)  and  an  additional 
two  releasable  structural  layers  which  allow  for  more  complex  designs  that  would 
not  be  possible  to  fabricate  using  the  PolyMUMPS  process  [13].  In  addition,  the 
top  two  layers  of  this  process  are  planarized  using  chemical  mechanical  polishing 
(CMP).  This  removes  all  of  the  conformality  of  the  underlying  layers  which  provides 
a  tremendous  advantage  when  creating  structures  on  top  of  other  structures.  With 
two  completely  flat  structures  there  is  no  risk  of  getting  caught  on  each  other  as 
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they  would  if  the  structures  were  conformal  to  each  other  such  as  with  PolyMUMPS. 
Additional  benehts  include  the  in  situ  doping  of  its  polysilicon  layers  which  results 
in  minimal  residual  stresses  in  the  devices  upon  release. 

0.7/jm  PTIHMETAL 


OJ/iniSACOX2 

0.3i/m  MMPCH.''0 


Figure  5.  Cross  sectional  view  of  all  the  layers  used  in  the  SUMMiT  V  fabrication 
process.  Typically  MMPOLY2  is  deposited  directly  on  to  MMPOLYl  to  form  one 
structural  layer.  [12] 

There  are,  however,  some  disadvantages  of  the  SUMMiT  V  process.  For  starters, 
the  turn-around  time  on  a  V  run  is  typically  six  months  and  is  four  times  as  expen¬ 
sive  than  a  PolyMUMPS  die  site.  Also,  because  of  the  added  complexity  of  designs 
possible,  the  SUMMiT  V  process  allows  for  minimal  flexibility  with  its  design  rules. 

2.1.3  Bulk  Micromachining. 

In  contrast  to  surface  micromachining,  which  is  an  additive  process,  bulk  micro¬ 
machining  involves  selectively  removing  portions  of  substrate  material  to  form  three 
dimensional  features.  Bulk  micromachining  is  a  subtractive  process  which  does  not 
require  any  additional  deposition  to  a  substrate  other  than  masking  layers  for  selec¬ 
tive  etching  [14,  15].  There  are  different  ways  in  which  the  substrate  may  be  removed. 
Wet  chemical  etching  involves  submerging  the  sample  in  a  chemical  solution  to  remove 
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Figure  6.  Scanning  electron  microscope  (SEM)  image  of  a  MEMS  gear  chain  fabricated 
using  the  SUMMiT  V  process  [13]. 


selected  regions  of  the  substrate.  This  process  can  either  be  isotropic  or  anisotropic 
depending  on  the  material  being  etched  and  the  etchant. 

Isotropic  etching  will  etch  material  in  all  directions  at  an  equal  rate.  This  process 
will  undercut  the  mask  material  as  illustrated  by  Figure  7.  Common  isotropic  etchants 
are  hydroflouric  acid  (HF)  for  silicon  dioxide  and  nitric  acid  (HNO3).  [5] 

Anisotropic  etching  is  a  process  where  certain  crystal  planes  of  a  material  etch 
much  faster  than  other  crystal  planes.  This  gives  the  etch  directionality.  For  example 
with  silicon,  the  (111)  plane  has  more  bonds  per  area  than  the  (110)  plane  or  the  (100) 
plane.  As  a  result,  the  etch  rate  is  slower  for  the  (111)  plane.  Potassium  hydroxide 
(KOH)  is  a  commonly  used  isotropic  etchant  for  silicon.  The  etch  selectivity  between 
the  (100),  (110),  and  (111)  planes  for  KOH  is  100:16:1.  [5].  Because  of  the  orientation 
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Figure  7.  Isotropic  etching  without  agitation  (top)  and  with  agitation  (bottom.)  In 
each  case  the  mask  material  is  undercut  during  the  etching  process. 

of  the  planes  to  one  another,  this  process  resnlts  in  V  shaped  grooves  or  inverted 
pyramids  depending  on  the  mask  pattern  illnstrated  by  Fignre  8. 

On  a  (100)  silicon  wafer,  the  (100)  crystal  plane  is  parallel  to  the  snrface  of  the 
wafer.  The  (111)  crystal  planes  are  at  54.74°  angle  with  respect  to  the  (100)  plane. 
Becanse  of  the  100:1  etch  selectivity  between  the  (100)  and  (111)  planes,  the  KOH 
etches  the  (111)  plane  very  little  compared  to  the  (100)  crystal  plane  and  the  (111) 
snrfaces  remain,  creating  the  V  shaped  grooves  and  pyramids. 
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Figure  8.  SEM  image  of  inverted  pyramid  cavity  as  a  result  of  anisotropic  etching  of 
silicon  with  potassium  hydroxide  (KOH). 

2.1.4  Micromolding. 

In  addition  to  surface  micromachining  and  bulk  micromachining,  there  is  a  third 
type  of  microfabrication  known  as  micromolding.  Also  known  as  the  Lithographie 
Galvanoformung  Adformung  (LIGA),  it  is  capable  of  producing  microstructures  with 
aspect  ratios  on  the  order  of  100:1  with  sidewall  angles  of  90°  such  as  the  gear  shown 
in  Figure  9  [16,  17].  The  process  beings  by  coating  an  electrically  conductive  surface 
with  a  thick  layer  (300/tm  to  500/tm)  x-ray  resist.  The  resist  is  then  exposed  to  x-ray 
radiation  through  a  mask,  allowing  only  certain  areas  of  the  resist  to  be  exposed. 
These  x-rays  break  the  bonds  in  the  resist  polymer.  The  penetration  depth  of  the 
x-rays  into  the  resist  is  very  deep  and  allows  for  the  exposure  of  very  thick  layers  up  to 
and  exceeding  1mm  [17]. Following  exposure,  the  resist  is  developed  which  causes  the 
exposed  resist  to  be  developed  away.  Metal  is  then  electroplated  on  to  the  electrically 
conductive  surface  exposed  during  the  development  step.  Finally,  the  remaining  resist 
is  removed  leaving  behind  a  high  aspect  ratio  metal  structure. 
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Figure  9.  A  tall,  high  aspect  ratio  gear  made  using  LIGA  technology  [17]. 


Because  LIGA  requires  special  mask  and  a  synchrotron  x-ray  source,  the  cost 
of  this  process  is  relatively  expensive  when  compared  to  other  MEMS  fabrication 
techniques.  A  variation  of  this  process  reuses  the  fabricated  metal  part  to  create  a 
polymer  mold,  eliminating  the  need  for  an  x-ray  radiation  source  each  time  the  part 
is  made.  The  entire  process  is  illustrated  by  Figure  10  [18]. 

2.1.5  Hybrid  MEMS  Fabrication. 

Silicon  on  insulator  (SOI)  is  a  method  of  both  integrated  circuit  (IC)  and  MEMS 
fabrication  which  bulk  silicon  wafers  are  replaced  with  wafers  that  have  three  layers. 
These  layers  are  a  thin  silicon  layer  ranging  from  a  few  nanometers  to  several  microns 
thick,  a  thin  underlying  layer  of  an  insulating  material,  and  a  thick  suppor  layer 
known  as  a  handle.  The  insulating  layer  is  commonly  made  of  Si02  and  is  referred 
to  as  a  buried  oxide  [10]. 

SOI  technology  offers  several  advantages  such  as  CMOS  compatability,  excellent 
mechanical  properties  of  a  single  crystalline  surface  layer,  the  buried  Si02  layer  pro- 
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2.  Development  4,  Metal  structure  6.  Overplating  8.  Replication 


Figure  10.  Step  by  Step  process  of  the  LIGA  process.  The  x-ray  resist  is  exposed 
through  a  mask  (1)  and  developed  (2).  Metal  is  deposited  on  to  the  now  exposed 
electrically  conductive  surface  (3).  The  remaining  resist  is  removed  leaving  behind  a 
metal  structure  (4).  The  original  seed  layer  is  etched  (5)  and  a  cap  is  plated  on  top  of 
the  metal  structure  (6).  This  new  structure  is  used  as  a  mold  for  replication  (7,8)  [18]. 


vides  an  insulating  layer  as  well  as  excellent  etch  stop,  and  high  temperature  operation 
[19,  20], 

SOI  wafers  are  fabricated  by  a  wafer  bonding  process.  First,  an  oxide  layer  of 
the  desired  thickness  (typically  0.25  to  2  microns)  is  grown  on  a  standard  silicon 
wafer.  Following  the  oxide  growth,  a  second  silicon  wafer  is  bonded  on  to  at  high 
temperatures  (1100°C)  leaving  the  oxide  layer  sandwiched  between  the  two  silicon 
wafers.  Once  the  bonding  process  is  complete,  one  of  the  silicon  layers  is  thinned 
down  to  a  desired  thickness  by  chemical  mechanical  polishing  (CMP)  [20].  This 
process  is  iullstrated  by  Figure  11.  Asa  result  of  the  high  temperatures  involved  in  the 
processing  of  SOI  wafers  along  with  the  mis-matched  thermal  expansion  coefficients 
between  silicon  and  Si02,  residual  stresses  will  form  within  the  SOI  structure.  This 
will  be  explained  in  further  deatil  in  the  next  section. 
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Figure  11.  Step  by  step  process  of  the  SOI  fabrication  process.  Starting  with  a  plain 
silicon  wafer  (1),  a  thin  oxide  layer  is  grown  to  the  desired  thickness  (2).  Following 
the  oxide  growth,  a  second  silicon  wafer  is  bonded  on  top  of  the  oxide  layer  at  high 
temperature  (3).  Finally,  the  bonded  silicon  wafer  is  thinned  to  the  desired  thickness 
via  chemical  mechanical  polishing  (CMP). 


2.1.6  Device  Bonding  and  Packaging. 

Many  MEMS  devices,  especially  those  with  complex  mechanisms,  reqnire  pro¬ 
tection  or  operation  within  a  vacnnm  or  hermetic  environment.  Dne  to  their  fragile, 
movable  parts  or  specihc  operation  atmosphere  reqnirements,  standard  microelectron¬ 
ics  packaging  technologies  cannot  typically  be  nsed  with  MEMS  [21],  Wafer  bonding 
is  a  common  techniqne  for  packaging  of  MEMS  devices.  This  techniqne  encompasses 
many  different  methodologies  snch  as  fnsion  bonding  [22],  anodic  bonding  [23],  en- 
tectic  bonding  [24,  25],  glass  frit  bonding  [26],  and  polymer  bonding  [27].  The  main 
difference  in  these  methods  is  the  material  used  as  the  bonding  agent.  A  common 
trait  to  all  of  these  methods,  however,  is  the  need  for  high  pressures  and  temperatures 
to  make  a  successfully  make  the  bond.  Some  of  these  methods  require  temperatures 
over  1000°C  to  attain  adequate  bond  strengths  necessary  for  device  packaging.  These 
high  temperatures  can  damage  MEMS  and  other  devices  while  they  are  being  encap- 


16 


sulated  or  packaged  [28] .  Low  temperature  bonding  methods  are  needed  to  minimize 
component  damage  due  to  the  packaging  process. 

Besides  its  application  as  a  masking  material  when  forming  structural  device  lay¬ 
ers,  SU-8  can  also  be  used  as  a  bonding  material  for  packaging.  The  advantages 
offered  when  using  SU-8  as  a  bonding  material  include:  low  bonding  temperature, 
ease  of  processing,  low  cost,  near  hermetic  seal,  and  conformal  sealing  [29].  Addi¬ 
tionally,  bonding  with  a  patternable  polymer  such  as  SU-8  reduces  residual  stress  in 
packaged  micro-components,  damages  from  high  electric  helds,  and  high-temperature 
processing  effects  [30].  Two  prior  research  efforts  have  investigated  using  SU-8  as  an 
adhesive  material  in  flip-chip  bonding  [31,  32].  The  first  study,  by  Ochoa  et  ai,  found 
that  varying  the  post  exposure  bake  (PEB)  temperature  of  2/im  thick,  50mm  x  50mm 
SU-8  bond  pads  resulted  in  improved  bond  strength.  The  highest  bond  strength  was 
achieved  using  a  135C  PEB  with  a  1-kg  bonding  load  applied.  The  bond  strengths, 
however,  cannot  be  compared  to  other  work  since  they  were  not  quantihed  during  this 
study  [31].  Glauvitz  et  al.  investigated  SU-8  cross-linking  and  its  effect  of  flip-chip 
bond  strength  by  varying  the  hard  bake  time  while  maintaining  a  constant  tempera¬ 
ture  of  110°C  [32].  Glauvitz  et  al.  discovered  a  loose  correlation  between  hard  bake 
time,  cross-linking,  and  bond  strength  after  testing  their  SU-8  bonded  structures 
with  applied  tensile  loads.  The  results  showed  that  a  hard  bake  time  of  three  minutes 
yielded  the  highest  separation  load  of  190  grams  [32]. 

2.1.7  Plasma  Etching. 

Plasma  etching,  or  dry  etching,  uses  an  ionized  gas  to  perform  the  etching  of  a 
material.  The  plasma  is  hrst  produced  by  applying  an  RE  electric  held  to  a  gas.  The 
ionized  gas  molecules  are  highly  chemically  reactive  with  the  material  to  be  etched. 
Flourine  or  chlorine  free  radicals  are  created  in  the  plasma.  These  free  radicals  have 
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Figure  12.  Plasma  etch  process.  A  plasma  is  generated,  creating  ionized  gas  molecules. 
These  ionized  molecules  diffuse  to  the  surface  of  the  target  where  they  are  adsorbed 
and  chemically  react.  The  resulting  compounds  desorb  from  the  target  material  and 
are  pumped  away. 

at  least  one  unpaired  electron  causing  them  to  be  chemically  reactive.  These  ions 
are  transported  to  the  surface  by  diffusion.  Here,  they  are  adsorbed  on  the  surface 
of  the  target  material.  This  is  followed  by  a  chemical  reaction  between  the  target 
material  and  free  radicals  which  forms  volatile  compounds.  Finally,  these  compounds 
are  desorbed  from  the  surface.  This  process  is  illustrated  by  Figure  12.  This  method 
of  etching  typically  exhibits  an  isotropic  prohle  as  the  plasma  reacts  with  the  target 
material  in  all  directions  [5,  33]. 

2.1.8  Reactive  Ion  Etching. 

Reactive  ion  etching  (RIE)  is  a  method  of  plasma  etching  which  utilizes  both 
chemical  and  physical  etch  mechanisms.  The  RIE  reaction  chamber  (Figure  13)  is 
conhgured  so  that  two  electrodes  in  the  chamber  create  an  electric  held  which  accel¬ 
erates  ionized  gas  molecules  toward  the  target  material.  These  ions  have  sufficient 
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Figure  13.  Diagram  of  a  reactive  ion  etching  (RIE)  chamber.  An  RF  field  generates 
a  plasma  of  ionized  gas.  These  ions  are  accelerated  toward  the  samples  due  to  their 
attraction  to  the  charge  build  up  on  the  sample  chuck.  Additionally,  free  radicals  within 
the  plasma  react  chemically  with  the  material  [34]. 


energy  to  physically  sputter  atoms  out  of  the  target  material  by  kinetic  energy  trans¬ 
fer.  This  process  has  a  higher  degree  of  anisotropy  than  a  simple  plasma  etch.  In 
addition  to  the  physical  etching  process  of  an  RIE,  the  chemical  reaction  is  also  tak¬ 
ing  place  between  reactive  ions  and  the  target  material.  While  the  RIE  process  offers 
several  advantages  over  a  plasma  etch  such  as  anisotropic  etch  prohles  and  higher 
etch  rates,  the  etch  selectivity  suffers  as  a  result  of  the  physical  etch  process  taking 
place  which  does  not  discriminate  between  target  material  and  mask  material  [5,  33]. 
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2.1.9  Deep  Reactive  Ion  Etching. 


A  specialized  method  of  reactive  ion  etching  known  as  deep  reactive  ion  etch 
(DRIE)  is  used  to  produce  very  deep,  high  aspect  ratio  structures.  Etch  rates  of 
20/im/min  with  high  degrees  of  anisotropy  up  to  90°  have  been  reported  [35].  This 
process,  developed  by  Robert  Bosch,  involves  repeated  cycles  of  shallow  etches.  In 
the  case  of  silicon,  sulfur  hexafluoride  (SFg)  is  used  as  the  active  gas  for  the  plasma 
etches  of  the  silicon  substrate.  In  between  these  shallow  etch  cycles,  a  passivation 
layer  is  deposited  on  all  of  the  exposed  silicon.  This  polyymer  passivation  layer  results 
from  the  silicons  reaction  to  octaflourocyclobutane  (C4F8)  and  protects  the  sidewalls 
from  the  isotropic  etch  of  the  SFg. 

The  passivation  layer  on  the  bottom  of  the  trench  is  selectively  removed  by  the 
vertical  ion  bombardment,  while  leaving  the  sidewalls  intact.  Once  this  protective 
layer  has  been  removed  from  the  bottom  of  the  etch,  the  SFg  begins  to  isotropically 
etch  the  freshly  exposed  silicon  at  the  bottom  and  the  entire  process  repeats  itself  over 
again  until  the  desired  depth  has  been  reached  [33,  36].  This  process  is  illustrated  in 
Figure  14. 


Etch 


Deposit  Polymer 
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Figure  14.  SEM  image  of  a  high  aspect  ratio  MEMS  structure  fabricated  using  the 
Bosch  DRIE  process  [37]. 


Throughout  the  DRIE  process  scalloping  is  created  along  the  side  walls  of  the 
cavity  as  shown  in  Figure  15.  This  is  due  to  the  fact  that  for  each  time  the  etch  cycle 
is  repeated,  a  new  layer  of  unprotected  sidewalls  is  exposed  to  the  SFg  plasma.  Due 
to  the  methodology  of  the  DRIE  process,  this  scalloping  is  unavoidable,  however  the 
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Figure  15.  SEM  image  of  scalloping  on  the  side  of  a  pillar  fabricated  using  deep  reactive 
ion  etching  (DRIE). 


size  of  these  scallops  can  be  controlled  by  adjusting  the  process  parameters.  Scallop 
depth  is  most  prominently  affected  by  etch  cycle  time  [38].  Shorter  etch  cycle  times 
will  result  in  smaller  scalloping  and  smoother  sidewalls  at  the  expense  of  overall  etch 
rate. 
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2.2  Membrane  Theory 


Microfabricated  buckled  membranes  are  the  heart  of  this  research  effort.  The 
goal  of  this  section  is  to  provide  a  basic  understanding  in  the  relevant  theory  of  the 
mechanisms  used  in  this  effort.  This  will  include  an  overview  of  the  basics  of  residual 
stress,  buckling,  springs,  and  compliant  bistable  mechanisms. 

2.2.1  Residual  Stress. 

In  thin  dims,  stress  develops  between  layers  for  several  reasons.  The  primary  cause 
of  this  stress  is  due  to  a  mismatch  of  thermal  expansion  coefficients  and  growth  proce¬ 
dure  [39] .  When  a  thin  film  is  deposited  on  a  thick  substrate  at  elevated  temperature 
and  subsequently  cooled  and  operated  at  an  ambient  temperature,  the  difference  be¬ 
tween  the  coefficient  of  thermal  expansion  (CTE)  (a)  of  the  silicon  (2.5xlO“®/K)  and 
silicon  dioxide  (0.55xl0“®/K)  [40,  41]. 

The  strain  in  a  film  can  be  found  by  applying  equation  (1)  [42], 

e  =  -Aa(T2-Ti)  (1) 

where  e  is  the  strain,  Aa  is  the  difference  in  thermal  expansion  coefficients  between  the 
two  materials,  and  Ti  and  T2  are  the  deposition  and  cooled  temperatures  respectively. 
As  the  materials  cool  following  their  deposition  process,  they  begin  to  contract  based 
upon  their  respective  thermal  expansion  coefficients.  Because  the  silicon  has  a  higher 
coefficient,  it  wants  to  contract  more  than  the  silicon  dioxide  layer.  Since  the  two 
layers  bonded,  this  results  in  a  compressive  stress  being  induced  in  the  silicon  dioxide 
layer.  The  silicon  layer  contains  a  minimal  amount  of  residual  stress  because  of  its 
higher  modulus  of  elasticity,  crystaline  structure,  and  greater  thickness  compared  to 
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Figure  16.  Illustration  of  stress  induced  the  the  Si/Si02  layers  as  a  result  of  their 
mismatched  thermal  expansion  coefficients,  ultimately  leading  to  buckling  upon  release. 

the  Si02  layer.  [43,  44],  It  is  this  compressive  stress  which  causes  the  membrane  to 
buckle  out  of  plane  as  illustrated  in  hgure  16  [45,  46]. 

The  devices  fabricated  in  this  effort  are  membranes  made  from  SOI  wafers.  They 
are  fabricated  by  etching  a  cavity  through  the  back  side  of  a  wafer  usring  DRIE, 
stopping  at  the  buried  oxide  layer.  This  results  in  suspended  membrane  consisting  of 
a  thin  layer  (2/im  thick)  of  Si02  underneath  a  5/tm  or  6/im  thick  layer  of  silicon.  These 
membranes  are  fixed  at  their  boundaries  and  once  released,  buckle  under  residual 
stress,  causing  them  to  deflect  either  up  or  down  to  one  of  their  two  stable  states. 

2.2.2  Buckling. 

Buckling  is  a  failure  mechanism  which  causes  a  sudden  sideways  failure  of  a  struc¬ 
ture  as  a  result  of  compressive  force  greater  than  the  material  is  capable  of  withstand¬ 
ing.  With  additional  force  the  device  will  eventually  collapse.  Figure  17  illustrates  a 
common  scenario  of  buckling,  a  column  under  a  compressive  load.  As  the  axial  load 
on  the  column  is  increased,  it  reaches  a  critical  buckling  point  and  will  bow  in  the 
direction  corresponding  to  the  lowest  inertia  [47]. 

While  buckling  is  typically  considered  to  be  a  failure  mechanism  for  macro  scale 
structural  elements,  buckled  membranes  are  at  the  heart  of  this  research.  A  membrane 
under  uniform  compression  as  shown  in  Figure  17  with  a  compressive  stress  greater 
than  a  critical  stress  will  buckle  out  of  plane  without  any  additional  load.  Buckling  of 
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Figure  17.  Left:  A  slender  coumn  under  an  axial  compressive  load  will  eventually 
buckle.  Right:  Buckled  train  rails  as  a  result  of  thermal  expansion  of  the  metal  causing 
a  compressive  load  in  the  rail  [48] 


these  membranes  has  been  thoroughly  investigated  and  characterized  [49,  50,  51,  52], 
Much  of  the  previous  research  was  done  in  an  effort  to  determine  material  properties 
of  thin  dims  based  on  the  deflection  of  the  buckled  membranes. 

For  a  rectangular  plate  with  clamped  edges  under  pressure  in  two  perpendicular 
directions,  the  expression  for  the  displacement  of  the  buckled  membrane  at  any  point 
(x,y)  is  given  by  equation  (2). 


w{x,y) 
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(1  +  cos 


— x)(l  +  cos 
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where  6  is  the  vertical  deflection  at  the  center  of  the  plate  w(0,  0),  a  and  b  represent 
the  length  and  width  of  the  membrane  [52],  The  shape  of  the  buckled  membrane  as 
described  by  equation  (2)  is  illustrated  in  Figure  18. 

Expressions  for  the  amplitude  of  the  deflection  of  the  buckled  plate  (5)  under  a 
uniform  compressive  stress  (a)  in  two  perpendicular  directions  is  given  by  equation 
(10)  [52,  53]. 

(5  =  0  for  :  a  <  acr 

I -  (3) 

6  =  ±2.298h,  — - — -  for:  a  >  acr 

V  ^  CT  1 
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where  h  is  the  thickness  of  the  membrane  and  (JcT  is  the  critical  stress  at  wliich  the 
membrane  will  begin  to  buckle. 


Figure  18.  Matlab  generation  of  the  shape  of  a  buckled  membrane  clamped  on  all  sides 
under  uniform  compressive  stress. 


2. 2. 2.1  Volumetric  Actuation. 

The  volume  mrder  the  membrane  can  be  determined  by  analyzing  equation  2. 
Looking  at  a  slice  of  the  buckled  membrane  through  the  middle,  illustrated  by  Figure 
19.  The  height  of  the  profile  along  the  x-axis  is  given  by  equation  4, 

tufa:,  0)  = —(1  +  cos— x)  (4) 

4  a 

The  volume  is  obtained  by  integrating  equation  4  around  the  z-axis  as  given  by 
equation  5, 


V  =  f  [  xf{x)d(f)dx 
Jo  Jo 

where  a  is  the  length  of  the  sides  of  a  square  membrane. 


(5) 
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Figure  19.  Membrane  profile  through  the  center  of  the  membrane  along  the  x-axis. 
The  volume  under  the  membrane  can  be  determined  by  integrating  this  area  around 
the  z-axis. 


This  integration  provides  an  equation  that  gives  the  relationship  between  the 
center  deflection  of  the  membrane,  S  and  its  dimensions  a  to  the  volume  under  the 
membrane.  This  relationship  is  given  by  equation  6. 


V  =  2.34a^S  (6) 

The  outward  deflection  of  the  membrane  can  be  found  by  minimizing  the  strain 
energy  of  the  system.  From  the  condition  for  the  energy  to  be  minimum,  we  obtain 
the  uniform  compressive  stress  for  first  order  buckling  of  a  square  membrane  with 
clamped  edges  to  be 

a,r  =  5.33~  (7) 

h 

where  h  is  the  thickness  of  the  membrane,  a  is  the  length  and  width  of  the  square 
membrane,  and  D  is  the  flexural  rigidity  of  the  plate  given  by  equation  8-11  where  E 
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is  the  Youngs  modulus,  and  v  is  Poissons  ratio  ([52], [53],  [54]). 
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A  good  understanding  of  the  behavior  of  these  membranes  can  be  obtained  by 
analyzing  the  total  internal  strain  energy.  An  expression  for  the  total  strain  energy 
equation  (12)  was  given  by  Popescu  et  al.  [53] 


t/  =  33^(h‘  +  100^(Y(l-^) 


'h' 


(Zr. 


(12) 


Visual  analysis  of  a  plot  of  this  equation  reveals  a  lot  of  valuable  insight  into  the 
behavior  of  these  buckled  membranes.  Figure  20  is  a  plot  of  the  total  strain  energy 
vs.  deflection  for  three  different  situations.  The  hrst  situation,  (green,)  is  where  the 
internal  stress  is  equal  to  the  critical  stress.  The  second  and  third  sitnations,  (blue 
and  red,)  are  where  the  internal  stress  is  twice  and  three  times  the  critical  stress 
respectively.  Looking  at  the  line  where  the  internal  stress  equals  the  critical  stress, 
it  can  readily  be  seen  that  there  is  only  one  local  minimum  of  the  total  energy  which 
corresponds  to  when  the  deflection  is  eqnal  to  zero.  Physically  this  means  that  the 
membrane  is  not  buckled  and  therefore  has  no  deflection. 
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Figure  20.  Plot  of  total  internal  strain  energy  of  the  membrane  vs.  it’s  deflection  as 
given  by  equation  12.  This  plot  reveals  that  for  membranes  with  internal  stress  below 
it’s  critical  stress, (green,)  there  is  no  buckling.  In  cases  where  the  internal  stress  is 
greater  than  the  critical  stress,  (red,  blue,)  the  membrane  will  deflect  out  of  plane  and 
come  to  rest  at  one  of  its  two  stable  positions. 


The  other  two  lines  are  similar  in  shape,  but  differ  in  magnitude.  Both  repre¬ 
sent  cases  where  the  internal  stress  is  greater  than  the  critical  stress.  This  reveals 
that  there  are  two  local  minima  in  the  total  strain  energy  of  the  system,  both  cor¬ 
responding  to  deflections  of  the  membrane  away  from  the  zero  point  that  are  equal 
in  magnitude,  but  opposite  in  direction.  Tliis  is  indicative  of  the  bistability  of  these 
buckled  membranes,  meaning  that  there  are  two  stable  positions  at  which  the  mem¬ 
brane  can  rest,  either  deflected  up  or  down.  Note  that  at  the  point  representing  zero 
deflection,  both  of  these  curves  are  at  a  local  maximum.  This  represents  an  unstable 
equilibrium  position.  The  membrane  will  remain  at  this  point  without  any  external 
force;  the  slightest  disturbance  will  cause  it  to  move  into  one  of  its  two  stable  equihb- 
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rium  points.  This  is  known  as  the  snap-through  point  of  the  membrane.  At  this  point 
the  membrane  is  balanced  in  energy  and  wants  to  reach  a  point  of  lowest  possible 
energy  by  deflecting  either  up  or  down.  It  takes  very  little  force  in  either  direction  to 
cause  the  membrane  to  snap  in  either  one  of  these  direction  and  come  to  rest  at  one 
of  its  two  minimum  energy  states.  This  bistability  phenomenon  of  these  membranes 
has  been  shown  to  be  useful  in  many  different  applications. 

Further  analysis  of  this  equation  reveals  more  interesting  information  about  the 
behavior  of  these  buckled  membranes.  Keeping  in  mind  that  the  energy  is  the  integral 
of  a  force-displacement  curve,  the  restoring  force  acting  upon  this  membrane  when 
it  is  not  at  one  of  its  stable  points  can  be  found  by  taking  the  negative  derivative  of 
the  energy  with  respect  to  its  displacement. 


F 


dU{x) 

dx 


(13) 


Additionally,  spring  theory  tells  us  that  the  stiffness  is  equal  to  the  change  in 
a  springs  force  with  respect  to  the  change  in  its  displacement  as  given  by  equation 
16  [55].  By  combining  equation  (16)  and  equation  (13)  it  can  be  seen  that  the 
second  derivative  of  the  total  internal  strain  energy  of  the  buckled  membrane  gives 
an  expression  for  its  stiffness  illustrated  by  equation  (14). 


,  d^U{x) 

A  plot  of  the  total  strain  energy  vs.  deflection,  force  vs.  deflection,  and  stiffness 
vs.  deflection  is  provided  in  Figure  21.  The  blue  curve  represents  the  total  strain 
energy  vs.  deflection  of  the  buckled  membrane.  In  this  case,  for  simplicity,  just  one 
case  where  the  internal  stress  was  greater  than  the  critical  stress  was  used.  The  red 
curve  represents  the  force  of  the  membrane.  The  three  points  where  this  curve  crosses 
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Figure  21.  Plot  of  the  internal  strain  energy  of  the  membrane  (blue),  the  restoring 
force  acting  upon  the  membrane  (red),  and  the  stiffness  of  the  membrane  (green)  all 
with  respect  to  the  deflection  of  the  membrane. 


zero  correspond  to  the  local  energy  minima  and  the  local  maximum  at  the  center. 
This  is  evident  in  test  devices  which  remain  stable  when  the  membrane  is  at  rest 
in  one  of  those  states,  there  is  no  force  acting  upon  it.  While  in  theory,  the  center 
represents  a  point  of  stability,  in  practice  this  would  be  very  difficult  to  realize  as 
the  slightest  distmbance  would  cause  the  membrane  to  snap  tlu'ough.  Looking  at  the 
stiffness  cmve  (green)  it  can  be  seen  that  the  stiffness  of  the  membrane  has  regions  of 
positive  and  negative  stiffness.  The  area  of  negative  stiffness  exists  between  the  points 
where  the  force  curve  reaches  its  local  minimum  or  maximum.  Also  noteworthy  is 
that  the  negative  stiffness  is  at  its  maximum  right  at  the  point  where  the  membrane 
is  ready  to  snap  through  to  the  other  side.  This  was  experimentally  confirmed  in  [56] 
with  the  use  of  micro-force  sensors  to  measme  the  force  vs.  displacement  of  bistable 
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buckled  Si/Si02  membranes.  This  buckled  membrane  could  be  considered  a  bistable 
compliant  mechanism. 


2.2.3  Springs. 

A  spring  is  an  elastic  object  that  is  used  to  store  mechanical  energy.  While  there 
may  be  many  different  types  and  uses  of  springs,  they  all  work  on  the  same  basic 
principle.  Most  commonly,  when  springs  are  either  compressed  or  stretched,  they 
will  display  an  increasing  return  force  relating  to  the  displacement  of  the  spring. 
These  springs  are  said  to  be  Hookean  and  follow  along  with  Hookes  Law  as  shown  by 
equation  (15)  [55], 

F  =  —kx  (15) 


where  F  is  the  restoring  force  that  is  exerted  by  the  spring,  k  is  the  spring  constant 
or  stiffness  of  the  spring,  and  x  is  the  displacement  of  the  spring.  The  negative 
sign  indicates  that  the  restoring  force  is  exerted  in  the  opposite  direction  of  the 
displacement  of  the  spring.  In  a  more  general  sense,  the  stiffness  is  the  slope  of  the 
force-displacement  curve  at  any  point.  Mathematically  this  is  represented  by  equation 


(16)  155], 
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Using  Hookes  law,  the  effective  spring  constant  of  a  mechanical  structure  can  be 
determined.  For  example,  a  simple  hxed-free  cantilever  beam  with  a  loading  force 
normal  to  the  beam  as  shown  in  Figure  22,  has  a  moment  of  inertia  given  by  equation 


(17)  [1], 


wt^ 
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where  w  is  the  width  of  the  beam,  t  is  the  thickness  of  the  beam,  and  I  is  the  length 
of  the  beam. 
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Figure  22.  Fixed-  free  cantilever  beam  with  loading  force  normal  to  the  beam. 


The  displacement  of  the  beam  is  given  by  equation  (18)  [2], 


_  F/3 
“  3^ 


(18) 


where  x  represents  the  displacement,  F  represents  the  applied  force,  E  is  the  Youngs 
modulus  of  the  material,  and  /  is  the  moment  of  inertia,  given  by  equation  (17). 
Combining  (17)  and  (18)  and  putting  them  in  the  form  of  (15),  it  can  be  shown  that 
the  stiffness  {k)  of  a  normally  loaded,  hxed-free  cantilever  beam  is  given  as  equation 

19  |1], 
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A  non-linear  spring  may  also  exhibit  what  is  known  as  negative  stiffness.  This 
means  that  there  is  a  reduction  in  the  restoring  force  of  the  spring  as  it  is  displaced 
further.  This  behavior  has  been  studied  and  exploited  for  many  years.  Many  devices 
which  exhibit  a  negative  stiffness  regime  are  pre-strained  to  a  post-buckled  state  and 
require  pre-loading  [57]. 
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Figure  23.  Force  vs.  Displacement  for  a  spring  demonstrating  both  positive  and  nega¬ 
tive  stiffness  regimes. 

One  such  device  is  the  Belleville  washer,  or  disk-spring.  These  devices  exhibit  a 
digressive  spring  force  curve  [58].  There  are  many  different  designs  and  applications 
of  Belleville  washers.  One  particular  application  is  in  the  automotive  held,  in  par¬ 
ticular,  high  performance  race  cars.  Based  upon  the  conhguration  of  the  washers, 
by  mechanically  preloading  them  by  tightening  a  bolt,  the  suspension  characteristics 
may  be  hnely  tuned  [59].  Another  application  of  the  Belleville  washer  is  for  securing 
high  voltage  electrical  contacts.  The  Belleville  washers  will  maintain  a  preload  on  the 
bolts  holding  the  electrical  contacts  together.  Because  of  this  preload,  the  bolts  will 
not  loosen  due  to  the  thermal  expansion  and  contraction  of  the  bus  bars  under  high 
voltage  and  current  situations  [60]. 

One  of  the  main  differences  between  the  Belleville  washer  and  the  devices  used  in 
this  research  effort  is  their  fabrication.  The  Belleville  washers  are  fabricated  to  be  in  a 
post-buckled  state  [58] .  That  is  to  say  that  they  are  machined  into  their  characteristic 
disc-cone  shape,  with  their  dimensions  being  specihcally  chosen  to  provide  certain 
characteristics.  The  devices  fabricated  in  this  effort  take  advantage  of  residual  stresses 
between  differing  materials  which  provide  compressive  stress  to  cause  the  buckling  of 
the  membranes. 
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2.2.4  Compliant,  Bistable  Mechanisms. 


Micro  bistable  mechanisms  have  many  possible  MEMS  applications  including  ac¬ 
celerometers  [61],  memory  cells,  [62],  switches,  [63,  64,  65,  66],  relays,  [67,  68,  69], 
and  valves  [70].  One  of  the  key  advantages  of  a  compliant  bistable  mechanism  is  that 
no  power  external  energy  is  needed  in  order  for  the  mechanism  to  maintain  its  state. 

A  potential  energy  curve  will  only  display  a  local  minima  if  the  mechanism  has 
a  way  to  store  and  release  energy  during  its  motion.  Many  devices  on  the  macro 
scale  simply  use  linear  springs  to  store  this  energy.  Micro-mechanisms  require  a 
form  of  energy  storage  which  can  be  easily  fabricated  using  standard  micromachining 
techniques.  In  this  case,  compliant  mechanisms  are  well  suited  to  meet  this  need.  The 
flexible  segments  of  these  compliant  mechanisms  store  energy  as  they  deflect  [71]. 

There  have  been  many  designs  involving  the  incorporation  of  bistable  compliant 
mechanisms  into  MEMS  devices.  These  mechanisms  are  analogous  to  how  a  ball 
behaves  on  a  hill.  Figure  24  illustrates  this  concept.  At  points  A  and  C,  the  ball  is 
at  a  point  of  its  lowest  energy.  This  is  said  to  be  stable  equilibrium  point,  meaning 
that  any  slight  deviation  from  this  point  to  the  left  and  the  right,  the  ball  will  tend 
to  fall  back  to  this  stable  point.  Point  B  represents  what  is  known  as  an  unstable 
equilibrium  point.  At  this  point,  the  ball  is  resting  right  on  the  peak  since  the  slope 
of  the  hill  at  this  point  is  flat,  the  ball  will  be  at  equilibrium,  but  will  not  be  stable 
as  it  is  at  points  A  or  C.  In  this  case,  the  slightest  bump  in  either  direction  will  cause 
the  ball  to  fall  to  one  of  the  two  stable  equilibrium  points.  Since  there  are  two  stable 
equilibrium  points,  this  device  is  said  to  be  bistable  [72]. 

One  familiar  example  of  a  bistable  mechanism  is  a  light  switch.  The  switch  will 
rest  in  one  of  its  two  stable  states  and  remain  there  indefinitely  without  any  external 
input  of  force  or  energy.  These  two  positions  would  be  represented  by  points  A  and 
C  in  Figure  24.  The  switch  can  be  placed  in  its  other  stable  state  only  by  applying 
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Figure  24.  Analgous  ’’ball  on  a  hill”  representation  of  a  bistable  system.  Points  A  and 
C  are  local  energy  minima  which  are  stable  equilibrium  positions.  Point  B  represents 
a  local  energy  maxima  which  is  an  unstable  equilibrium  point  [72]. 

sufficient  energy  (with  your  finger)  to  overcome  the  internal  spring  mechanism  of 
the  switch  and  move  it  past  its  unstable  equilibrium  point  represented  by  point  B 
on  Figure  24.  Once  the  switch  passes  this  point,  it  requires  no  additional  input  of 
energy  to  move  the  switch  to  its  new  stable  equilibrium  point  and  will  remain  there 
indefinitely  without  any  further  energy  inpnt. 

Compliant  mechanisms  use  material  flexibility  to  transform  or  transmit  forces, 
motion,  or  energy  [73,  74],  These  mechanisms  inherently  reqnire  the  storage  of  non¬ 
constant  strain  energy.  This  usnally  results  in  a  nonzero  reaction  force  exerted  by 
an  actuated  mechanism,  even  when  there  is  no  load  at  the  ontpnt.  This  can  be 
problematic  in  applications  that  reqnire  a  high  efficiency  or  high  fidelity  force  feedback 
snch  as  minimally  invasive  surgery.  In  order  to  mitigate  this,  a  compliant  mechanism 
may  be  statically  balanced  so  that  no  effort  is  reqnired  in  deforming  the  mechanism 

[75] .  Typically  this  static  balancing  has  been  achieved  by  pre-stressing  the  assembly, 
however,  this  can  often  lead  to  creep  and  stress  relaxation  in  the  flexible  members 

[76] .  In  order  to  obtain  this  static  balance,  a  negative  stiffness  can  be  applied  in 
order  to  cancel  ont  the  excess  positive  stiffness  of  the  mechanism.  Hoetmer  et  al. 
investigated  the  use  of  compressed  plate  springs  in  order  to  statically  balance  three 
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Figure  25.  SEM  image  of  a  MEMS  fully  compliant  tensural  bistamble  mechanism.  Top: 
Initial  fabricated  position.  Bottom:  Second  stable  state  [72]. 

different  compliant  mechanisms  on  the  macro-scale.  Chen  et  al.  investigated  the  use 
of  a  constant  force  mechanism  as  well  as  a  zero-stiffness  mechanism  using  bistable 
mechanisms  with  negative  stiffness  offsets.  Figure  25  shows  a  compliant,  bistable 
mechanism  fabricated  by  Wilcox  et  al.  in  both  of  its  two  stable  positions.  The  force 
displacement  curve  of  this  device  is  shown  in  Figure  26.  Note  that  this  device  has 
a  similar  force  displacement  curve  shape  to  that  of  the  buckled  membranes  being 
studied  in  this  research.  Both  have  regions  of  positive  and  negative  stiffness  as  well 
as  a  ’’snap-through”  point  where  the  force-displacement  curve  crosses  zero.  [72] 
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Figure  26.  Predicted  and  measured  force-displacement  curve  of  the  compliant  bistable 
mechanism  fabricated  by  Wilcox  et  al..  Note  the  similiar  characteristics  of  this  curve 
compared  to  the  force  displacement  curve  of  the  buckled  membranes  being  studied  in 
this  research  [72]. 

2.2.5  MEMS  Pressure  Sensors. 

MEMS  pressure  sensors  represent  a  mature  sensor  domain  that  is  extensively 
utilized  in  electronics,  environmental  monitoring,  medical  diagnostics,  automotive 
technology,  and  many  other  helds  [77].  A  typical  pressure  sensor  consists  of  a  silicon 
die  with  a  thin  membrane.  Piezoresistive  sensors  are  created  by  selectively  doping 
silicon  through  a  mask  at  the  position  of  maximum  stress  [78,  79].  Pressure  applied 
to  the  membrane  causes  an  increase  in  deflection.  This  deflection  increase  causes 
additional  strain  in  the  areas  of  the  piezoresistive  sensors  which  causes  a  change  in 
their  resistance.  These  resistors  are  connected  to  a  Wheatstone  bridge  circuit  which 
translates  the  change  in  resistance  into  an  electrical  signal.  (Figure  27  [80,  81].) 

In  2013,  MEMS  pressure  sensors  surpassed  accelerometers  and  gyroscopes  as  the 
biggest  selling  MEMS  devices  and  it  is  predicted  that  the  market  will  continue  to 
grow  (Figure  28)  until  at  least  2017  and  be  worth  an  estimated  $2.49  billion.  In 
the  automotive  sector,  at  least  18  different  applications  including  tire  pressure,  brake 
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Figure  27.  Diagram  of  a  MEMS  pressure  sensor  with  piezoresistive  elements  located 
at  the  positions  of  highest  stress  along  the  edge  of  the  membrane  [82]. 


sensors,  air  bags,  engine  control,  and  exhaust  gas  pressure  are  fueling  a  rapid  growth 
of  MEMS  pressure  sensors.  In  2013,  the  MEMS  pressure  sensor  revenue  within  the 
automotive  sector  alone  accounted  for  75  percent  of  total  industry  revenue  at  $1.26 
billion  [83]. 


IHS  iSuppli  Figure:  Worldwide  MEMS  Pressure  Sensor 
Revenue  Forecast 
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Figure  28.  Revenue  from  the  MEMS  pressure  sensor  market  from  2013  projected  to 
2017  [83]. 
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2.3  Heat  Transfer 


Heat  transfer  is  the  flow  of  thermal  energy  dne  to  a  temperatnre  differential  across 
a  medinm.  There  are  three  primary  methods  of  heat  transfer,  radiative,  convection, 
and  condnction.  These  three  methods  of  heat  transfer  are  illnstrated  by  Figure  29. 

Radiative  heat  transfer  represents  the  transfer  heat  through  electromagnetic  ra¬ 
diation  through  the  air  or  vacuum.  The  governing  equation  for  the  emmissive  power 
or  the  rate  at  which  energy  is  released  per  unit  area  E  is  given  as: 


E  =  eaT%  (20) 

where  e  is  the  radiative  emissivity  of  the  material  emitting  the  thermal  radiation  (0< 
e  <  1)  [1,  84].  Some  examples  of  radiative  heat  transfer  would  include  heat  from  a 
light  bulb,  a  Are,  or  the  sun. 


Figure  29.  Illustration  of  the  three  methods  of  heat  transfer.  In  this  illustration, 
thermal  energy  from  one  source  (fire)  is  is  transferred  by  all  three  methods  of  heat 
transfer  [85] 


Convection  involves  the  transfer  of  heat  through  fluid  flow.  A  heat  source  can 
transfer  its  thermal  energy  to  a  surrounding  fluid,  such  as  air,  which  in  turn  may 
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transfer  this  thermal  energy  to  another  medium  of  a  lower  temperature.  Examples 
of  this  include  convection  ovens,  or  a  radiator  in  a  house.  The  heat  flux  due  to 
convection  in  W/m^  is  given  as  qconv'- 

qconv  =  h{Ts  -  Too)  (21) 

where  is  the  convection  heat  flux  in  W/m^,  h  is  the  convective  heat  transfer  coefficient 
in  W/m^K,  and  and  Too  are  the  temperatures  of  the  surface  and  fluid  respectively 

|1,  84] 

Finally,  conduction  is  where  the  heat  is  transferred,  or  conducted,  through  a 
material  or  into  another  material.  The  heat  flux  due  to  conduction  in  W/m^  is  given 
as  qcond- 


qcond  k  (22) 

ax 

where  k  is  the  thermal  conductivity  of  the  material,  and  dT/dx  represents  the  temper¬ 
ature  gradient  across  the  material  [1,  84].  Unlike  convection,  heat  can  be  conducted 
within  a  vacuum. 

To  introduce  additional  thermal  stress  into  the  buckled  membrane,  it  will  be 
heated  via  Joule  heating  from  a  resistive  heater  element  fabricated  on  top  of  the 
membrane.  This  heat  will  be  conducted  in  to  the  membrane,  increasing  the  ther¬ 
mal  stress  within  it.  Previous  research  efforts  have  utilized  Joule  heating  to  induce 
buckling  in  MEMS  devices  [86,  87]  Bouwstra  et  al.  utilized  a  resistive  heater  on  a 
membrane  as  a  sensor  for  detecting  mass  flow  rates.  This  sensor,  illustrated  by  Fig¬ 
ure  30,  detected  a  shift  in  the  natural  frequency  of  a  thermally  actuated  unbuckled 
membrane  [86] 
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Figure  30.  Model  of  the  components  of  heat  transfer  including  the  two-dimensional 
conduction  within  the  membrane  and  two  dimensional  conduction  within  the  gas  flow 
developed  by  Bouwstra  et  al.  [86]. 
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Bouwstra  et  al.  developed  a  model  for  conductive  heat  transfer  in  a  membrane 


with  a  centrally  located  resistor.  This  model  is  given  by  equation  23, 


AT  =JL 
i7r\t 


(23) 


where  H  is  the  heat  generation  per  unit  time,  A  is  the  coefficient  of  heat  conduction, 
and  t  is  the  thickness  of  the  membrane.  Power  dissipated  by  the  resistor  is  a  key 
factor  when  considering  the  temperature  across  the  membrane.  The  power  dissipated 
by  the  heater  is  affected  by  the  resistance  of  the  heater  given  by  equation  24 


li  =  P^  (24) 

where  p  is  the  electrical  resistivity  of  the  material,  I  is  the  length,  and  A  is  the 
cross  sectional  area  of  the  resistor.  The  resistance  of  a  meandering  resistor  is  further 
influenced  by  increased  current  density  around  the  corners  of  the  resistor  [88].  A 
model  for  the  resistance  of  a  meandering  resistor  is  provided  by  equation  25, 


R  =  Rs{N  +  {kN,b))  (25) 

where  R  is  the  overall  resistance,  Rg  is  the  sheet  resistance,  N  is  the  number  of  blocks 
in  straight  regions,  k  is  the  corner  block  correction  factor,  and  Nch  is  the  number 
of  corner  blocks  [89,  88].  The  electrical  power  P  dissipated  by  the  resistive  heating 
element  is  given  by  equation  26, 


P  =  PR  (26) 

where  /  is  the  current  through  the  heater  and  R  is  the  electrical  resistance  of  the 
heater. 
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2.4  Previous  Work  and  Applications 


Bistable  mechanisms  can  be  applied  to  broader  systems  such  as  relays,  valves, 
clips,  threshold  switches,  and  memory  cells.  The  major  advantage  of  these  devices  is 
that  they  can  apply  a  constant  force  without  the  need  for  continued  actuation  power 
[90,  91].  In  many  of  these  cases,  the  bistable  compliant  mechanism  has  consisted  of  a 
buckled  beam  [71,  72,  90,  91,  92,  93,  62,  94,  95,  96,  97],  while  others  have  been  based 
on  a  buckled  membrane  conhguration  [70,  98,  99]. 

Jin  Qiu  et  al.  modeled  and  fabricated  a  mechanically  bistable  mechanism  utilizing 
two  curved,  centrally  clamped  parallel  beams.  The  unique  aspect  of  this  effort  is  that 
unlike  many  other  bistable  devices,  this  one  did  not  rely  upon  residual  stress  to  obtain 
its  bistability.  Instead,  these  beams  are  fabricated  in  a  curved  shape.  A  single  beam, 
fabricated  in  a  bow  shape,  may  buckle  and  snap  through  when  an  external  force  is 
applied  to  it;  however  it  will  not  stay  at  this  snapped  shape  when  the  external  force 
is  removed  due  to  a  twisting  buckling  mode.  This  essentially  would  make  this  device 
monostable.  However,  it  is  shown  that  when  two  curved  beams  are  coupled  together 
at  their  center,  the  twisting  buckling  modes  of  each  beam  cancel  each  other  out, 
allowing  the  structure  to  behave  in  a  bistable  fashion  [91,  92]. 

M.  Taher  and  A.  Saif  developed  a  design  for  a  tunable,  bistable  MEMS  device. 
They  used  an  array  of  electrostatic  comb  drive  actuators  to  apply  an  axially  compres¬ 
sive  force  on  a  long,  thin  beam  causing  it  to  buckle.  By  changing  the  voltage  applied 
to  the  actuators,  more  or  less  compressive  force  is  applied  to  the  beam,  which  in  turn 
has  a  tuning  effect  on  the  beam  causing  the  lateral  stiffness  to  vary  [93]. 

Beat  Haig  developed  a  MEMS  based  nonvolatile  memory  cell  by  using  a  bistable 
buckled  bridge  shown  in  Figure  31  [62].  Having  two  stable  states  makes  a  bistable 
structure  ideal  for  digital  storage  applications,  and  being  mechanical  in  nature  makes 
it  immune  to  electromagnetic  fields.  This,  coupled  with  the  mass  of  the  bridge  being 
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Figure  31.  Nonvolatile  memory  cell  utilizing  a  buckled  beam.  The  two  stable  states, 
up  or  down,  correspond  to  a  digital  one  or  zero.  [62]. 

SO  small  that  its  shock  resistance  is  very  high,  makes  this  device  absolutely  nonvolatile. 
The  bridge  consists  of  a  highly  compressed  him.  In  order  to  switch  the  bridge  between 
its  two  states,  electrostatic  forces  between  the  bridge  and  the  substrate  switch  it  into 
a  down  position  and  forces  between  the  bridge  and  an  adjacent  electrode  switch  it 
into  the  up  position.  The  memory  state  is  read  by  measuring  the  capacitance  of  the 
bridge,  since  this  will  vary  depending  on  its  state,  it  provides  a  reliable,  simple  way 
to  determine  which  of  the  two  stable  states  the  bridge  is  in. 

Several  other  efforts  have  resulted  in  the  design  and  fabrication  of  bistable,  buck¬ 
ling  beams  [94,  95,  96,  97].  While  these  different  efforts  have  differed  in  their  design, 
fabrication  method,  and  application,  one  common  trait  among  them  is  that  they  are 
based  on  laterally  actuated  beams,  parallel  to  the  substrate  they  are  fabricated  upon. 
Qiu  et  al.  [36]  used  the  bistability  of  a  laterally  buckled  beam  to  apply  a  constant 
force  for  a  high  current  MEMS  relay  without  the  need  for  any  external  power.  This 
beam  was  actuated  back  and  forth  by  electrothermal  actuators.  Further  analysis  of 
these  devices  performed  in  [96]  has  shown  similar  Endings  described  earlier  in  regards 
to  the  devices  force  vs.  displacement  curve. 
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Earlier  research  efforts  have  also  looked  into  the  behavior  and  application  of 
bistable  buckling  membranes.  Two  major  differences  exist  between  the  buckled  beams 
previously  discussed  and  these  buckled  membranes.  First,  and  most  obviously,  they 
are  membranes,  meaning  that  they  are  clamped  on  all  their  sides  instead  of  just  at 
two  points  like  the  buckled  beams.  Secondly,  they  actuate  perpendicular  to  the  plane 
of  the  substrate.  This  means  they  are  actuated  vertically,  rather  than  laterally. 

Wagner  et  al.  [70]  investigated  using  two  buckled  Si/Si02  membranes  to  create 
a  bistable  microvalve  with  pneumatic  coupling  shown  in  Figure  32  These  circular 
bistable  membranes  were  actuated  by  applying  a  voltage  differential  between  the 
membrane  and  a  curved  electrode  underneath  this  membrane.  The  two  membranes 
were  sealed  in  with  the  chamber  area  above  them  pneumatically  coupled.  When  one 
actuator  is  in  the  up  position,  the  other  is  in  the  down  position.  By  applying  the 
voltage  between  the  up  membrane  and  its  respective  electrode,  it  is  pulled  downward. 
The  pneumatic  coupling  between  these  two  membranes  causes  the  membrane  that 
was  in  the  down  position  to  be  pulled  into  its  up  stable  state.  This  device  was  later 
implemented  into  a  system  for  implantable  drug  delivery  [98]  This  system  used  the 
alternating  states  of  the  bistable  membranes  as  micro-valves  that  could  be  turned  on 
or  off  depending  on  their  rest  state. 

Arya  et  al.  developed  a  thermally  actuated  bistable  membrane  [99]  by  applying  a 
layer  of  aluminum  to  the  silicon  side  of  the  membrane.  Since  the  thermal  expansion 
coefficient  of  Aluminum  is  ten  times  that  of  silicon,  when  heated,  this  aluminum  layer 
will  want  to  expand  much  more  than  the  silicon  layer  it  is  deposited  on.  This  will 
induce  a  compressive  stress  in  the  aluminum  which  counteracts  the  compressive  stress 
in  the  oxide  layer  deposited  on  the  other  side  of  the  silicon  membrane.  This  will  cause 
a  deflection  of  the  membrane  in  the  direction  of  the  aluminum,  essentially,  lessening 
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valve  seat 


inlet 


Figure  32.  Pneumatically  coupled  microvalve  created  with  two  buckled  Si/Si02 
membranes.  [62] . 


the  initial  deflection  of  the  membrane  caused  by  the  CTE  mismatch  between  the 
silicon  and  Si02  layer. 

Negative  stiffness  elements  also  have  a  wide  application  in  the  area  of  vibration 
isolation  mechanisms.  Negative  stiffness  elements  contribute  to  damping  behavior 
because  they  tend  to  assist  rather  than  resist  deformation  as  a  result  of  internally 
stored  energy  [100].  Minus  K  Technology  developed  a  negative  stiffness  vibration  iso¬ 
lation  system  which  used  the  negative  stiffness  to  effectively  cancel  out,  or  soften,  the 
stiffness  of  a  spring  suspension.  Reducing  this  stiffness  magnifies  the  inherent  damp¬ 
ing  of  the  system  resulting  in  a  compact,  passive  isolation  system.  This  system  was 
designed  on  the  macroscale  and  is  used  to  improve  the  isolation  of  air  tables  and  other 
lab  equipment  [101].  Lee  et  al.  used  buckled  plates  to  create  a  spring  with  negative 
stiffness  to  be  implemented  in  a  vehicle  driver  vibration  isolation  system  [102].  Their 
design  is  applicable  to  a  wide  range  of  vehicle  suspension  applications,  whether  it  be 
the  vehicle  suspension,  seat  suspension,  cab  mounting,  or  cargo  container  platform. 

Negative  stiffness  can  also  be  achieved  by  electrostatic  means.  With  an  increasing 
voltage  differential,  the  force  of  electrostatic  attraction  between  two  objects  increases, 
this  force  also  increases  as  the  distance  between  them  narrows.  In  the  case  of  a  beam 
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or  cantilever  being  actuated  by  electrostatic  means,  this  electrostatic  force  will  tend 
to  counteract  the  mechanical  restoring  force  of  the  beam  or  cantilever,  effectively 
acting  as  a  negative  electrostatic  stiffness  on  the  member.  This  negative  electrostatic 
stiffness  has  been  implemented  in  the  tuning  of  devices  such  as  accelerometers  and 
gyroscopes  [103,  104,  105,  106].  The  major  drawback  of  this  method  is  that  the 
electrostatic  tuning  is  an  active  method  which  requires  the  use  of  power. 

2.5  Statistical  Analysis  Tools 

Linear  regression  models  are  widely  used  in  business,  economics,  engineering  as 
well  as  the  social,  medical,  and  biological  sciences.  Successful  applications  of  these 
models  requires  a  sound  understanding  of  the  theory  and  practical  problems  that  are 
encountered  when  employing  these  methods  in  real  life.  [107].  Linear  regression  is  an 
approach  for  modeling  a  relationship  between  a  dependent  variable,  typically  denoted 
as  Y,  and  a  independent  variable  typically  denoted  as  X. 

This  method  will  result  in  a  linear  statistical  model  which  may  be  used  for  pre¬ 
dicting  the  results  of  additional  trials.  Several  software  tools  such  as  SAS  (Statistical 
Analysis  System),  SPSS  (Statistical  Package  for  the  Social  Sciences),  JMP  and  even 
Microsoft  Excel  are  capable  of  generating  a  linear  statistical  model  based  on  data 
provided. 

However,  detailed  statistical  analysis  requires  more  than  just  the  generation  of  a 
trendline.  The  linear  regression  model  is  based  on  certain  assumptions  about  the  data, 
that  if  are  not  correct,  invalidate  the  generated  model.  Tests  of  these  assumptions 
must  be  run  in  order  to  have  any  degree  of  conhdence  in  the  validity  of  the  model 
[107].  The  assumptions  made  are  that  there  is  a  constant  variance  in  the  error  of 
the  model.  Non  constant  error  variance  may  indicate  that  may  indicate  additional 
weighting  of  the  data  towards  one  particular  end  of  the  range  of  independent  variables. 
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[107].  Once  identified,  remedial  measures  such  as  a  transformation  of  the  data  may 
be  taken  which  will  validate  the  assumptions  made. 

Once  a  valid  model  is  made  and  all  assumptions  are  met,  inferences  can  be  made 
about  the  data.  One  of  the  most  important  tests  that  can  be  run  is  to  determine 
whether  or  not  the  slope  of  the  model  is  non-zero.  In  some  instances,  the  slope  of  a 
model  may  be  very  small,  implying  that  there  is  no  statistical  relationship  between 
the  dependent  and  independent  variables.  The  two-sided  t-test  can  determine  with 
a  certain  degree  of  conhdence  chosen  by  the  analyst  (typically  95%)  whether  or  not 
that  slope  of  the  model  is  statistically  different  from  zero  or  not.  In  other  words 
for  example,  it  can  be  determined  with  95%  conhdence  that  there  is  a  statistical 
relationship  between  the  dependent  and  independent  variable.  This  analysis  also  can 
be  used  to  identify  and  remove  statistical  outliers  which  may  skew  the  data  and  lead 
to  a  less  accurate  model. 

This  method  of  statistical  analysis  is  a  powerful  and  useful  tool.  When  properly 
used  it  will  result  in  an  accurate  model  to  use  for  predicting  the  results  of  future 
testing  as  well  as  determining  whether  or  not  statistical  relationships  between  two 
variables  exist  or  not.  Higher  complexity  models  can  also  be  generated  to  examine 
the  effects  of  multiple  independent  variables  on  one  dependent  variable. 

2.6  Summary 

This  chapter  presented  the  necessary  concepts  relating  to  the  devices  presented 
in  this  research.  A  discussion  on  the  basic  fabrication  methods  of  MEMS  devices  was 
provided.  Both  of  the  main  methods  discussed,  surface  and  bulk  micromachining, 
are  integral  to  the  fabrication  of  the  membranes  used  in  this  effort  as  well  as  pho¬ 
tolithography  and  deep  reactive  ion  etching.  Secondly,  a  discussion  on  the  important 
theoretical  concepts  that  dictate  how  these  membranes  behave  was  presented  to  in- 
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elude  why  they  buckle,  and  how  they  behave  once  they  are  in  a  buckled  state.  Finally, 
an  overview  of  some  different  applications  of  similar  designs  have  been  implemented 
in  previous  research  was  provided. 

The  following  chapter  will  describe  the  methodology  of  this  research.  This  will 
include  a  description  of  the  fabrication  steps  of  the  membranes  and  heaters,  as  well  as 
bonding  and  integrating  these  membranes  into  larger  devices.  Descriptions  of  the  test 
equipment  is  provided  as  well  as  a  discussion  on  the  simulation  of  the  membranes. 
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III.  Methodology 


The  previous  chapter  outlined  the  basic  theory  behind  the  behavior  of  the  buckled 
membranes  studied  in  this  research.  This  chapter  will  discuss  the  methodology  of  the 
research  performed  for  this  effort.  First,  details  on  the  fabrication  of  the  membrane 
and  the  electrothermal  heaters  are  provided.  Next,  details  are  provided  on  the  steps  to 
bond  additional  devices.  Details  of  hnite  element  method  modeling  of  the  membranes 
are  provided  next.  Finally,  a  description  of  the  test  equipment  and  setup  used  for  the 
measurement  and  analysis  of  these  devices  is  provided. 

3.1  Membrane  Fabrication 

The  buckled  membrane  structures  are  fabricated  on  a  silicon-on-insulator  (SOI) 
wafer.  The  wafers  consist  of  a  500/im  thick  Si  handle  with  a  2pm  thick  buried  oxide 
layer  of  Si02  grown  on  top  of  the  handle  layer.  A  5pm  thick  device  layer  of  Si  is 
bonded  on  top  of  the  buried  oxide  layer.  The  membranes  are  released  by  way  of  a 
backside  etch  through  the  entire  depth  of  the  handle  wafer,  stopping  at  the  buried 

Si02. 

The  SOI  wafers  were  hrst  diced  into  1  inch  by  1  inch  square  samples  for  easier 
processing.  Prior  to  the  dicing,  a  protective  layer  of  S1818  photoresist  was  applied 
to  the  wafer.  This  layer  serves  to  protect  the  wafer  from  any  debris  resulting  from 
the  dicing  process.  After  dicing,  the  samples  were  cleaned  with  a  30  second  acetone 
rinse,  30  second  methanol  rinse,  and  a  30  second  deionized  water  (DIW)  rinse  and 
dried  with  pressurized  nitrogen. 

Following  the  step,  the  samples  were  submerged  in  a  buffered  oxide  etch  buffered 
oxide  etch  (BOE)  for  1  minute  to  remove  any  native  oxide  and  maximize  SU-8  ad¬ 
hesion  to  the  sample.  The  samples  were  then  rinsed  in  DIW  for  30  seconds  and 
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dried  with  pressured  N2.  Finally,  the  samples  were  placed  on  a  hotplate  at  110°C  to 
evaporate  any  remaining  moisture  and  then  allowed  to  cool. 

After  the  samples  had  cooled,  a  layer  of  SU-8  was  spin  coated  at  3000  RPM  for 
30  seconds  on  the  handle  side  of  the  sample  to  obtain  a  25/im  thick  coating  of  SU- 
8.  Following  the  sping  coating,  the  sample  was  soft  baked  on  a  65°C  hotplate  for  2 
minutes  then  placed  on  a  95° C  hotplate  for  5  minute.  The  samples  were  then  allowed 
to  cool  before  they  were  exposed. 

The  samples  were  aligned  using  the  Karl  Suss  MJB-3  mask  aligner  and  exposed. 
The  UV  power  of  this  tool  is  set  to  llmW/cm^.  The  exposure  time  was  set  to 
15  seconds  to  provide  an  exposure  energy  of  165mJ/cm^  as  prescribed  by  the  SU-8 
data  sheet  [7].  Following  the  exposure,  the  samples  were  placed  on  a  65°C  hotplate 
for  1  minutes  then  placed  on  a  95° C  hotplate  for  5  minute  for  the  post  exposure 
bake  (PEB).  The  samples  were  then  developed  for  1  minute  using  Microchems  SU-8 
developer  and  then  rinsed  in  DIW.  The  development  opens  up  the  windows  in  the 
SU-8  mask  layer  that  will  allow  the  cavity  in  the  handle  to  be  etched  with  DRIE. 

The  samples  were  etched  using  the  University  of  Michigan’s  STS  Pegasus  DRIE. 
Because  this  tool  can  only  accept  4  inch  diameter  wafers,  the  1  inch  by  1  inch  samples 
had  to  be  mounted  to  a  4  inch  carrier  wafer.  Santovac  pump  oil  is  used  as  an  adhesive 
between  the  carrier  wafer  and  the  sample.  The  santovac  is  used  because  it  provides 
good  thermal  conduction  between  the  carrier  wafer  and  the  sample.  Also,  because  it 
is  designed  for  use  in  high  vacuum  systems,  it  will  not  produce  any  byproducts  while 
in  the  DRIE  process  chamber  [108]. 

The  etch  rate  of  the  STS  pegasus  4  has  been  characterized  at  15/im/minute  for 
features  larger  than  100/rm  so  an  etch  time  of  34  minutes  was  chosen  to  etch  com¬ 
pletely  through  the  500/rm  thick  handle.  After  the  etch  was  complete  the  samples 
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Figure  33.  Illustration  showing  the  fabrication  process  for  the  buckled  membrane. 

were  removed  from  the  carrier  wafer  by  soaking  them  in  acetone  for  a  24  honr  period 
to  dissolve  the  santovac. 

3.2  Heater  Fabrication 

The  membrane  is  heated  by  a  meandering  resistive  heating  element  fabricated 
directly  on  top  of  the  membrane.  As  cnrrent  flows  throngh  this  heater  it  experi¬ 
ences  Jonle  heating  and  heat  is  transferred  by  condnction  to  the  membrane,  thereby 
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increasing  the  thermal  strain  which  causes  an  increase  in  deflection.  The  resistive 
heating  element  shown  in  Figure  34  consists  of  a  3000 A  layer  of  gold  on  top  of  a 
500A  layer  of  titanium  which  serves  as  an  adhesion  layer.  This  was  pattered  using 
the  liftoff  method. 

The  sample  is  first  cleaned  with  a  30  second  acetone  rinse,  a  30  second  methanol 
rinse,  and  a  30  second  DI  water  rinse  and  dried  with  pressurized  N2.  A  layer  of  S1818 
photoresist  was  spin  coated  on  to  the  device  layer  side  of  the  sample  and  spun  for 
30  seconds  at  4000  RPM  resulting  in  a  1.8/im  thick  coating  of  photoresist.  This  was 
then  baked  at  110°C  hotplate  for  75  seconds  and  then  allowed  to  cool. 

The  photoresist  is  then  exposed  to  UV  light  using  the  MJB-3  mask  aligner  for 
7  seconds  to  provide  an  exposure  dose  of  77mJ/cm^.  Following  the  exposure,  the 
photoresist  was  developed  in  a  developer  solution  of  5:1  DI  water  to  351  developer 
for  30  seconds.  Following  the  development,  the  sample  was  rinsed  in  DI  water  for  30 
seconds  and  dried  with  pressurized  N2. 

With  the  heater  now  patterned  in  the  photoresist,  the  samples  were  placed  in  the 
Torr  International  electron  beam  evaporation  tool.  This  tool  uses  a  focused  beam 
of  electrons  to  evaporate  metals  which  then  deposit  on  the  samples.  The  first  layer 
deposited  was  a  500A  layer  of  titanium  to  serve  as  an  adhesion  layer  between  the 
silicon  and  the  3000A  gold  layer  which  was  subsequently  deposited. 

After  the  the  metal  deposition,  unwanted  metal  was  removed  by  a  liftoff  process. 
The  samples  were  placed  in  a  container  of  acetone  which  was  then  placed  into  an 
ultrasonic  bath.  This  acetone  dissolved  the  remaining  photoresist  which  removed  the 
metal  deposited  on  top  of  it,  leaving  only  the  resistive  heater  on  the  sample. 

Two  different  heater  designs  were  used.  The  tunable  pressure  sensor  uses  a  single 
heater  which  covers  the  the  entire  area  of  the  membrane  (Figure  34  left.)  The  mul¬ 
tidirectional  thermal  actuator  requires  four  smaller  heaters  which  each  cover  a  single 
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Figure  34.  Scanning  electron  microscope  images  of  the  two  heater  designs  used.  The 
single  heater  design  (left)  is  used  for  the  tunable  pressure  sensor  design  and  the  multiple 
heater  design  (right)  is  used  for  the  multi-directional  electrothermal  actuator. 


quadrant  of  the  membrane  in  order  to  provide  localized  heating  of  the  membrane 
(Figure  34  right.) 


3.3  Bonding  and  Integration 

In  order  for  the  buckled  membranes  to  be  integrated  into  larger,  more  complex 
systems  a  method  of  bonding  them  to  other  devices  is  needed.  Two  methods  of 
bonding  were  investigated.  The  hrst  attempt  at  bonding  a  structure  to  the  membrane 
involved  the  use  of  SU-8  photresist  as  an  adhesion  material. 

In  this  study,  SU-8  bake  times  and  temperatures  were  kept  constant  throughout 
fabrication  while  UV  energy  exposure  was  varied.  Once  the  test  structures  were  fabri¬ 
cated  and  flip-bonded  together,  the  SU-8  bonded  structures  were  then  systematically 
tested  under  tensile  loads  to  determine  the  separation  force  needed  to  break  the  SU-8 
bonds.  The  resulting  data  was  analyzed  and  the  statistical  signihcance  of  the  UV 
exposure  parameter  was  examined. 
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3.3.1  Test  Structure  Fabrication. 


Fabrication  of  the  SU-8  test  structures  followed  the  prescribed  process  flow  given 
by  Microchem  in  their  SU-8  (2000)  processing  guidelines  shown  in  Figure  35.  All  of  the 
processing  took  place  in  a  class  1000  cleanroom  with  the  temperature  and  humidity 
maintained  at  68° C  and  35%,  respectively.  During  the  substrate  pretreat  processing 
step,  organic  contaminants  were  removed  from  three  inch,  n-type  (100)  silicon  (Si) 
wafers  with  acetone,  methanol,  and  DIW  sprays  for  30  seconds  each  followed  by  a 
clean,  dry  N2  spray.  The  wafers  were  then  dipped  in  a  7:1  buffered  oxide  etch  (BOE) 
for  1  minute  to  remove  the  native  oxide  layer  and  maximize  SU-8  adhesion  to  the 
Si  wafer.  This  ensured  that  SU-8  adhesion  to  the  silicon  wafer  was  greater  than  the 
bond  strength  between  the  SU-8  test  structures  and  isolated  the  bond  strength  of 
interest  in  this  research.  The  wafers  were  then  rinsed  with  DIW  for  30  seconds,  dried 
with  N2,  and  then  heated  on  a  hotplate  for  2  minutes  at  HOC  to  evaporate  off  any 
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Figure  35.  Process  Flow  for  SU-8  fabrication  as  outlined  by  Microchem  SU-8 
datasheet.  [7] 
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Figure  36.  A  representative  step  height  measurement,  using  a  KLA  Tencor  Alpha  IQ 
Step  profilometer,  of  an  SU-8  test  ring  with  a  step  height  of  4.7/im. 


remaining  moisture.  After  cooling  for  approximately  15  minutes,  the  wafers  were  then 
spin-coated  with  SU-8  at  500  rpm  for  5  seconds  and  then  3000  rpm  for  30  seconds 
resulting  in  a  uniform  layer  of  SU-8  approximately  5/tm  thick  (as  shown  in  Figure 
36).  Immediately  after  spin-coating,  the  wafers  were  soft  baked  for  2  minutes  at  95C. 

Following  soft  bake,  the  wafers  were  exposed  using  a  Karl  Suss  MJB3  mask  aligner 
with  the  UV  power  set  to  llmW/cm^.  Exposure  times  were  varied  from  5  seconds  to 
15  seconds  resulting  in  total  UV  energy  doses  ranging  from  55mJ/cm^  to  165mJ/cm^ 
to  provide  different  degrees  of  cross-linking  in  the  SU-8.  Based  on  the  5/im  thickness 
of  the  SU-8  bond  structures,  exposure  energy  of  93.5mJ/cm^  was  the  manufacturer 
recommended  energy  dose  according  to  the  SU-8  application  guide  [1] .  This  dose  was 
taken  to  be  100%  level  and  all  other  doses  were  determined  from  this  baseline  value, 
resulting  in  exposure  doses  ranging  from  58%  to  176%  of  the  recommended  energy 
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dose.  The  bonded  test  structures,  shown  in  Figure  37,  were  square  rings  200/ini  wide 
and  2nini  in  length,  with  a  total  bondable  area  of  1.44nini^. 

Immediately  after  UV  exposure,  the  wafers  were  transferred  to  a  hotplate  for 
the  Microchem  recommended  PEB  of  95° C  for  5  minutes.  The  samples  were  then 
developed  for  1  minute  using  Microchems  SU-8  developer  and  then  rinsed  in  DIW 
and  isopropyl  alcohol  (IPA)  for  30  seconds  and  10  seconds,  respectively.  Next,  the 
test  structures  were  dried  thoroughly  using  clean,  dry  compressed  N2  gas.  The  wafers 
were  then  diced  into  squares  approximately  6.35mm  inch  by  6.35mm  with  each  sample 
containing  one  complete  bond  pad.  Following  dicing,  the  samples  were  again  rinsed 
with  IPA  and  dried  with  N2  to  remove  debris  from  the  dicing  process. 


3.3.2  Flip  Bonding  and  Test  Structure. 

Next,  the  samples  were  bonded  together  using  a  Semiconductor  Equipment  Cor¬ 
poration,  Eagle  860  flip-chip  bonder.  The  bonding  process  for  all  of  the  samples  was 
kept  constant  to  ensure  that  UV  exposure  was  the  only  variable  in  the  fabrication 


Figure  37.  (a) Optical  image  of  fabricated  bond  pad  consisting  of  a  square  ring  mea¬ 
suring  2mm  by  2mm  with  a  width  of  200/im.  (b)  Cross-sectional  diagram  of  the  fully 
assembled  structure  ready  for  tensile  load  testing. 
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process.  The  pre-programmed  bonding  sequence  had  both  the  tip  and  stage  tem¬ 
perature  set  at  125°C.  During  the  bonding  sequence,  they  were  both  rapidly  heated 
to  150°C  while  a  load  of  1-kg  was  applied  for  10  seconds.  With  flip-bond  pressure 
removed,  the  stage  was  rapidly  cooled  back  to  125°C  with  flowing  N2.  This  controlled 
timing  minimized  any  residual  temperature  effects  and  inadvertent  SU-8  cross-linking 
to  ensure  the  only  variable  in  the  experiment  was  the  level  of  cross-linking  due  to  the 
varying  UV  exposure. 

After  the  SU-8  square  rings  were  flip-chip  bonded  together,  small  metal  hooks 
were  hxed  to  outside  Si  surfaces,  as  shown  in  37,  using  a  two-part  epoxy.  The  hooks 
were  dipped  in  the  epoxy  and  then  placed  in  the  center  of  the  bonded  samples, 
taking  care  to  align  the  hooks  directly  over  each  other  (also  shown  in  Figure  37). 
This  ensured  that  the  tensile  load  forces,  applied  during  the  separation  test  sequence, 
were  normal  to  the  bonded  structures  and  that  shear  loads  were  minimized.  The 
material  used  to  make  the  metal  hooks  was  extremely  rigid  and  chosen  to  minimize 
flex  or  stiffness  variations  during  tensile  load  testing  resulting  in  highly  consistent 
force  measurements. 

3.3.3  Seperation  Force  Testing. 

A  Microforce  Testing  System  (MTS)  Tytron  250,  shown  in  Figure  38,  was  used 
to  apply  the  tensile  loads  and  pull  the  bonded  SU-8  test  samples  apart.  The  MTS 
Tytron  250  system  was  conhgured  to  perform  automated  load  testing  ranging  from 
O.OOIN  to  44. 5N  while  recording  necessary  data.  The  test  samples  were  mounted 
horizontally  in  the  MTS  unit  between  two  clamps  using  a  one  inch  loop  of  ultra  low 
stretch  braided  line  to  minimize  the  effects  of  stiffness  variations  during  testing.  The 
sequence  for  mounting  a  sample  in  the  system  follows:  1)  the  right,  movable  clamp 
was  commanded  to  the  home  position,  2)  braided  line  loops  were  then  placed  onto 
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the  sample  hooks,  and  3)  the  right,  movable  clamp  was  positioned,  away  from  home, 
so  that  the  sample  sagged  slightly  with  no  measnrable  axial  force.  With  the  force  test 
ready  to  begin;  the  software  was  conhgnred  to  pnll  at  a  constant  rate  (Imm/minnte) 
with  the  force  and  clamp  displacement  being  measnred  every  9.77ms.  Fignre  39  shows 
an  example  of  a  test  rnn  where  an  applied  tensile  load  of  approximately  1.13  N  was 
reqnired  to  separate  the  test  sample  and  break  the  SU-8  bonds. 


Figure  38.  Fully  assembled  mechanism  for  testing  the  seperation  force  of  the  bonded 
sample. 
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Figure  39.  Graph  of  the  applied  force  versus  clamp  displacement  showing  an  SU-8 
bonded  structure  that  separated  with  approximately  1.13N  of  applied  force. 

A  second  method  for  bonding  with  SU-8  was  attempted  in  which  the  flip-chip 
bonding  took  place  prior  to  the  DRIE  process  to  eliminate  the  possibility  of  destroying 
the  membrane  with  the  large  bonding  forces  required  to  bond  SU-8.  In  order  to 
perform  the  DRIE  on  the  back  side  of  the  SOI  sample,  the  bonded  device  was  placed 
into  a  cavity  that  was  DRIE  etched  into  a  1”  x  1”  sample  of  silicon.  This  cavity 
provides  the  necessary  heat  transfer  between  the  DRIE  platen  and  the  sample  in 
order  to  keep  etch  rates  constant  and  protect  the  bonded  sample  from  the  DRIE 
process. 

During  the  processing,  the  sample  became  unseated  from  the  spacer  as  a  result  of 
the  pressure  difference  between  processing  chamber  and  the  cavity.  As  a  result,  the 
samples  were  destroyed  during  the  processing. 

3.3.4  Epoxy  Bonding. 

Because  of  the  fragile  nature  of  the  membranes,  an  additional  method  to  bond 
structures  was  devised  that  requires  no  applied  pressure  for  bonding  and  therefore 
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Figure  40.  Cross  sectional  diagram  of  assembly  used  for  DRIE  processing  after  bonding. 


minimizes  the  risk  of  damaging  or  destroying  the  membrane.  This  method  uses 
Dymax  EMAX  403,  optically  clear  structural  adhesive  to  adhere  the  devices  to  the 
membrane.  This  epoxy  is  designed  for  rapid  bonding  of  glass  and  metals.  It  contains 
no  reactive  solvents  and  cures  upon  exposure  to  ultraviolet  light.  The  structure  to  be 
bonded  to  the  membrane  shown  in  Figure  42  was  fabricated  using  a  DRIE  process  in 
order  to  create  300/im  x  300/im  pillars  that  were  200/im  tall.  Once  this  etching  was 
complete,  the  samples  were  diced  into  1mm  x  1mm  squares. 

First,  the  epoxy  is  applied  with  a  pneumatically  activated  syringe  to  the  center 
of  the  membrane  as  shown  in  Figure  41.  Prior  to  the  application  of  the  epoxy,  the 
membrane  is  set  in  its  buckled  down  position  for  two  reasons.  First,  this  will  ensure 
that  the  epoxy  will  not  flow  away  from  the  center  of  the  membrane  since  it  is  already 
at  its  lowest  point.  Second,  being  in  the  buckled  down  state  guarantees  that  the 
membrane  will  not  snap  through  once  the  sample  is  brought  into  contact  with  it.  If 
this  were  to  happen,  the  tool  may  feel  the  response  force,  and  disengage  before  the 
sample  has  been  properly  seated  in  the  center  of  the  membrane. 

After  application  of  the  epoxy  on  to  the  membrane,  it  is  placed  on  a  Fine  Tech 
Femto  Flip-Chip  bonder.  Once  the  pillar  is  aligned  with  the  epoxy  dot  on  the  mem- 
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Figure  41.  Optical  microscope  image  of  the  application  of  epoxy  to  the  membrane. 
The  epoxy  is  applied  by  using  a  pneumatically  driven  syringe  (left)  leaving  a  controlled 
amount  of  epoxy  in  the  center  of  the  membrane  (right) 

brane,  the  sample  is  slowly  brought  down  to  the  membrane  and  released  while  exerting 
a  minimum  amount  of  pressure  on  the  membrane.  Once  released,  the  epoxy  is  cured 
with  UV  light  and  the  process  is  complete.  Once  the  epoxy  has  been  cured,  the 
membrane  can  then  be  placed  in  its  buckled  up  position  for  testing  and  analysis. 
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Figure  42.  SEM  image  of  the  the  samples  fabricated  for  epoxy  bonding  to  the  buckled 
membrane.  The  300/j,m  x  300/zm  x  200/xm  pillars  are  centered  on  a  1mm  x  1mm  square 
silicon. 


3.4  Membrane  Testing  Equipment 

A  white  light  optical  interferometer  by  Zygo  New  View  7300  was  used  to  mea¬ 
sure  membrane  deflection  once  it  was  released  into  its  post-buckled  state.  This  tool 
reflects  light  from  the  surface  of  the  sample  in  order  to  quantify  step  heights,  surface 
roughness,  and  other  topographical  features.  Three  dimensional  models  of  the  sur¬ 
face  features  are  generated  by  the  tools  software  which  allow  the  measurements  to  be 
made  as  shown  in  Figure  43. 
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Figure  43.  Zygo  interface  screen  showing  the  measurement  controls,  surface  profile, 
3D  model,  profile  data,  and  optical  image. 


To  test  these  tunable  pressure  sensors  on  the  Zygo,  a  specialized  platform  was 
fabricated  shown  in  Figure  44.  This  platform  is  a  solid  square  slab  of  aluminum  with 
a  2mm  hole  drilled  in  the  center  of  the  horizontal  surface.  A  second  hole  is  drilled  in 
to  the  side  of  the  platform  which  intersects  the  hole  from  the  horizontal  surface.  A 
threaded  adapter  which  accepts  a  1/4  inch  pressurized  N2  line  is  threaded  into  the 
the  second  hole.  This  set  up  directs  the  pressurized  N2  to  the  back  of  the  pressure 
sensor. 

On  the  horizontal  surface  of  the  platform  are  two  nylon  clamps  that  are  held  in 
place  by  screws.  These  clamps  keep  the  pressure  sensor  from  drifting  around  due  to 
the  pressure  on  their  under  side  as  well  as  ensure  a  tight  £t  between  the  pressure 
sensor  cavity  and  the  2mm  hole.  An  adjustable  pressure  regulator  between  the  N2 
source  and  the  platform  is  used  to  control  the  pressure  applied  to  the  tunable  pressure 
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sensor.  The  complete  setup  of  the  test  station,  shown  in  Figure  45  makes  it  possible 
to  measure  the  deflection  of  the  tunable  pressure  sensor  while  adjusting  both  the 
temperature  of  the  resistive  heater  and  the  applied  pressure  simultaneously. 


Figure  44.  Platform  for  holding  samples  in  place  while  applying  pressurized  N2  to  the 
back  of  the  pressure  sensor  during  deflection  measurement  with  the  Zygo. 

After  sample  is  aligned  properly  over  the  2mm  hole  and  securly  clamped  down  the 
tunable  pressure  sensor  is  positioned  under  the  lens  of  the  Zygo  so  that  the  membrane 
and  contacts  are  visible.  Once  in  position,  voltage  probe  tips  are  put  into  contact 
with  the  contact  pads.  These  probe  tips  are  connected  to  an  adjustable  DC  power 
supply.  Proper  contact  is  verihed  by  setting  the  DC  power  supply  output  to  one  volt. 
The  probe  tips  are  adjusted  until  a  non-zero  current  is  read  on  the  power  supply 
display.  This  current  flow  signals  that  the  probe  tips  are  properly  positioned  on  the 
contact  pads.  With  the  tunable  pressure  sensor  securely  in  place  under  the  Zygo  lens 
and  the  voltage  probe  tips  in  contact  with  the  contact  pads  of  the  electrothermal 
heater,  deflection  measurements  of  the  pressure  sensor  can  now  be  made  for  each 
combination  of  applied  pressure  and  temperature  on  the  tunable  pressure  sensor. 
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Figure  45.  Testing  bench  with  the  Zygo  white  light  interferometer,  dc  power  supply, 
and  pressure  regulator. 


3.5  Finite  Element  Modeling  of  Buckled  Membrane 

Finite  element  method  (FEM)  partitions  a  structure  into  simply  shaped  portions 
called  hnite  elements.  It  then  generates  an  approximate  solution  for  the  variable  of 
interest  within  each  element,  then  combines  the  approximate  solutions  [109]. 

FEM  is  similar  in  concept  to  the  Reimann  sums  method  for  integration.  This 
method  divides  the  area  under  a  curve  into  several  rectangular  sections.  The  area 
of  each  of  the  individual  “hnite  elements”  is  calculated,  and  the  sum  total  of  all  the 
areas  represents  the  area  under  the  curve  [110].  The  accuracy  of  the  approximations 
for  both  the  Reimann  sum  method  and  FEM  are  both  a  function  of  the  size  of  the 
individual  elements  in  relation  to  the  overall  device  size  and  shape. 

Finite  element  modeling  of  these  buckled  membranes  was  performed  using  CoventorWare™. 
This  software  suite  allows  the  user  to  create  a  model  of  the  device  to  be  tested  includ¬ 
ing  material  properties.  After  the  creation  of  the  solid  model,  the  user  chooses  the 
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size  and  style  of  the  finite  elements,  known  as  a  mesh.  After  generating  the  mesh  the 
user  can  select  from  a  comprehensive  suite  of  solvers  such  as  mechanical,  electrical, 
thermal,  etc.  Finally,  after  the  calculation  is  complete,  the  user  is  presented  with  a 
3D  rendering  of  the  device  which  can  display  the  desired  behavior  of  the  device  [111]. 

The  models  consisted  of  two  stacked  square  plates  of  the  same  area  and  different 
thicknesses  to  correspond  to  the  thickness  of  the  Si02  layer  and  the  Si  layer.  To 
simulate  the  compressive  stress  induced  in  the  Si02  layer,  a  stress  of  -240  MPa  was 
selected  in  the  material  properties  of  the  oxide. 

3.5.1  Mesh  Convergence. 

Recall  that  like  the  Reimann  sum  method  for  hnding  the  area  under  a  curve,  the 
accuracy  of  FEM  analysis  is  dependent  upon  the  size  and  shape  of  the  mesh  elements 
used.  If  the  dimensions  are  too  large,  the  result  will  be  inaccurate  results.  Conversely, 
if  the  elements  are  too  small,  then  computation  time  will  be  unnecessarily  long.  A 
mesh  convergence  study  was  performed  in  order  to  determine  the  best  mesh  size 
which  provides  accurate  results,  while  minimizing  computing  time.  This  study  uses 
the  harmonic  analysis  feature  of  CoventorWare™  to  calculate  the  modal  frequency 
of  the  membrane.  The  natural  log  of  the  modal  frequencies  were  plotted  with  respect 
to  the  inverse  number  of  elements  (Figure  46). 

The  results  of  this  method,  known  as  the  Richardson  extrapolation  method,  were 
curve  £t,  and  the  y-intercept  was  taken  as  the  location  of  infinite  mesh  refinement. 
This  value  was  interpreted  to  be  the  actual  modal  freqency  of  80500.76  Hz  [111,  112]. 
The  results  of  the  study  and  their  corresponding  error  are  summarized  in  table  1.  A 
mesh  size  of  Ipm  by  l/rm  by  Ipm  was  found  to  have  less  than  0.1%  error  with  a  run 
time  of  of  9  minuts,  58  seconds. 
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Figure  46.  Plot  of  four  models  of  different  mesh  size  and  their  respective  modal  fre¬ 
quency.  As  the  mesh  size  decreases,  the  modal  frequency  begins  to  converge  on  the 
point  of  infinite  mesh  [112]. 


Table  1.  Mesh  element  size  with  corresponding  modal  frequency  and  error  measure¬ 
ment. 


Mesh  Element  Size 

Vt  Modal  Frequency  (Hz) 

Corresponding  Error  (%) 

Inhnite 

80500.76 

0 

100/xm 

113502 

40.995 

60/im 

86738.38 

7.749 

40pm 

81743.05 

1.543 

30pm 

81011.84 

0.634 

15pm 

80572.59 

0.089 

3.5.2  Buckling  Simulation. 

Simulating  the  steady  state  buckling  of  the  membrane  is  a  two  part  process.  Since 
CoventorWare"*"^  simulates  the  membrane  as  completely  defect  free,  if  left  undis¬ 
turbed,  the  membrane  will  remain  in  the  unstable  equilibrium  point,  illustrated  by 
point  B  in  Figure  24.  The  results  of  this  are  shown  in  Figure  47. 

To  remedy  this,  an  initial  simulation  must  be  performed  with  an  external  load 
applied  to  the  bottom  of  the  membrane  in  order  to  give  it  the  “nudge”  it  needs  to 
snap  into  its  stable  equilibrium  point.  Once  the  simulation  is  complete,  it  can  be 
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Figure  47.  Example  of  a  simulated  undisturbed  membrane  under  compressive  stress 
resting  in  its  unstable  equilibrium  point. 

re-ran  using  the  previous  results.  However,  this  time  the  external  load  is  removed 
which  causes  the  membrane  to  settle  at  its  stable  equilibrium  point.  With  the  mem¬ 
brane  now  in  it’s  stable  equilibrium  state  shown  in  Figure  48,  further  analysis  can  be 
performed. 

3.6  Summary 

This  chapter  provided  the  details  of  how  the  devices  used  in  this  research  were 
fabricated.  Detailed  descriptions  of  how  MEMS  fabrication  techniques  were  used  to 
create  the  buckled  membranes  and  the  electrothermal  heaters.  Following  this,  the 
method  for  bonding  and  integration  was  detailed  including  a  description  of  a  study 
on  the  application  of  SU-8  photoresist  as  a  bonding  material.  A  description  of  the 
testing  equipment  used  to  measure  the  membrane  deflection  of  the  membranes  as  a 
function  of  applied  pressure  and  temperature  was  provided.  Finally,  a  description 
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Figure  48.  Example  of  a  simulated  post-buckled  membrane  in  its  stable  equilibrium 
position. 


of  finite  element  method  techniques  that  were  used  to  model  the  behavior  of  the 
membranes  was  provided.  The  next  chapter  will  present  the  results  of  the  testing 
performed  on  these  devices. 
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IV.  Results 


This  chapter  provides  the  results  of  testing  the  buckled  membrane  devices.  The 
primary  measurement  of  these  devices  was  the  deflection  as  it  related  to  increasing 
temperature  and  pressure  applied  to  the  back  of  the  membrane.  The  main  interest 
is  to  understand  how  the  sensitivity  of  these  membranes  changes  as  thermal  stress 
is  increased.  Additionally,  test  results  of  the  multidirectional  thermal  actuator  are 
presented  illustrating  it’s  range  of  motion  in  its  four  different  axes.  Chapter  V  will 
include  a  detailed  analysis  of  the  results  presented  here. 

4.1  Analytic  Results 

A  brief  discussion  on  membrane  theory  and  buckling  was  provided  in  Chapter  II. 
From  this  theory  and  the  equations  provided,  we  can  obtain  an  estimation  of  the 
membranes  behavior  when  buckled.  Figure  49  shows  the  strain  energy  curve  for  a 
1.5mm  X  1.5mm  membrane  with  a  5/im  thick  silicon  mechanical  layer  and  a  2/im 
thick  buried  oxide  layer.  Again,  the  two  local  energy  minima  positions  correspond 
to  the  two  stable  equilibrium  points  representing  the  buckled  up,  or  buckled  down 
position.  The  x-axis  of  this  plot  represents  the  deflection  of  the  membrane  as  a  ratio 
of  the  total  thickness  of  the  membrane,  7/im.  Each  stable  equilibrium  point  in  this 
curve  corresponds  to  a  deflection  of  approximately  18/im. 

Recall  from  Figure  20  that  increasing  the  stress  in  the  membrane,  in  this  case 
by  introducing  additional  thermal  stress,  increases  it’s  deflection.  By  combining  the 
equation  for  the  thermal  stress  and  the  equation  for  the  total  internal  strain  energy, 
the  total  deflection  of  the  membrane  as  temperature  increases  can  be  analytically 
determined.  This  is  plotted  in  Figure  50  for  increasing  lOOK  temperature  increments 
from  room  temperature  to  lOOOK. 
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Figure  49.  Plot  of  the  internal  strain  energy  of  a  l.Smm  by  l.Smm  membrane.  The 
two  local  energy  minimas  shown  represent  a  total  buckled  deflection  of  approximately 
18/im. 


Figure  50.  Plot  of  total  internal  strain  energy  of  a  l.Smm  x  1.5mm  membrane  for 
increasing  temperature  from  300K  to  lOOOK. 


Taking  the  energy  minimums  of  this  plot  for  each  temperature,  we  can  determine 
the  total  membrane  deflection  versus  the  applied  temperature.  This  data,  illustrated 
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by  Figure  51,  shows  that  a  1.5mm  x  1.5mm  membrane  will  have  an  initial  deflection 
of  approximately  18/im  at  room  temperature  and  deflect  to  approximately  31/im  at 
1000  K. 


Figure  51.  Plot  showing  the  membrane  deflection  vs.  applied  temperature.  A  1.5mm 
X  1.5mm  membrane  will  have  an  initial  deflection  of  approximately  IS/mum  at  room 
temperature  and  increase  to  approximately  31/im  at  1000  K. 

Further  analysis  was  performed  to  model  the  deflection  of  the  membrane  versus  its 
size.  Three  different  square  membranes  were  analyzed,  1.0mm  by  1.0mm,  1.5mm  by 
1.5mm,  and  2.0mm  by  2.0mm.  Furthermore,  two  different  thicknesses  of  the  silicon 
mechanical  layer  were  used  to  analyze  how  the  thickness  affects  the  rigidity  of  the 
membrane.  The  results  illustrated  in  Figure  52  below  indicate  that  the  deflection 
increases  as  its  size  increases.  Additionally,  the  thicker  mechanical  layer  has  the 
effect  of  increasing  the  flexural  rigidity  of  the  membrane  causing  a  smaller  deflection 
than  the  same  size  membrane  with  a  thinner  mechanical  layer. 
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Figure  52.  Plot  showing  the  relation  between  membrane  edge  length  and  deflection  for 
1.0mm,  1.5mm,  and  2.0mm  membranes.  A  thinner,  5/.tm  thick  membrane  will  deflect 
more  than  a  thicker  6fj,m  thick  membrane  of  the  same  size  due  to  the  thicker  membranes 
increased  flexural  rigidity. 

4.2  FEA  Results 

Finite  element  method  analysis  was  performed  to  simulate  the  behavior  of  the 
buckled  membranes.  With  appropriate  mesh  size  determined  earlier,  the  membrane 
models  were  built  in  the  software  model  editor.  Membranes  with  a  5/xm  thick  Si 
layer  on  top  of  a  2/xm  thick  Si02  layer  were  created  of  varying  sizes.  The  appro¬ 
priate  material  properties  were  verihed  in  the  software’s  material  property  database. 
Simulations  were  preformed  to  analyze  the  membranes  initial  deflection  with  respect 
to  its  dimensions  and  to  see  how  an  increasing  temperature  effects  the  membrane 
deflection. 

4.2.1  Membrane  Edge  Length  vs.  Deflection. 

Six  different  models  were  created  for  FEM  modeling  to  simulate  the  behavior  of 
a  1.0mm,  1.5mm,  and  2.0mm  square  membrane  each  with  device  layer  thicknesses 
of  5/rm  and  6/rm.  An  appropriate  mesh  size  was  chosen  based  on  the  mesh  analy- 
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sis  performed  earlier  and  simulations  were  run  to  measure  the  determine  the  initial 
deflection  of  the  membrane  at  room  temperature  with  no  external  force  or  pressure 
applied.  The  results  are  summarized  below  in  table  2  and  plotted  in  Figure  53. 


Table  2.  FEM  Simulation  results  of  initial  membrane  deflection 


Device  Layer  Thickness 

Membrane  edge  length 

Deflection 

1.0mm 

10.46pm 

5/im 

1.5mm 

19.60pm 

2.0mm 

27.78pm 

1.0mm 

8.24pm 

6/im 

1.5mm 

17.03pm 

2.0mm 

26.29pm 

Figure  53.  Plot  of  the  FEM  simulation  initial  membrane  deflection  with  respect  to 
membrane  size  and  mechanical  layer  thickness. 
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4.2.2  Heater  Temperature. 


In  order  to  tune  the  stiffness  of  the  membranes,  heat  is  applied  to  them  by  applying 
a  voltage  to  a  meandering  resistor  located  on  top  of  the  membrane.  As  current  flows 
through  the  resistor,  its  temperature  increases  due  to  Joule  heating.  The  temperature 
of  the  membranes  was  measured  under  different  applied  voltages.  Because  of  their 
different  dimensions,  the  meandering  resistors  have  different  resistances.  Because  if 
this,  one  voltage  level  applied  to  the  resistor  of  the  1.0mm  membrane  will  have  a 
different  temperature  profile  than  that  of  the  same  voltage  applied  to  the  1.5mm  or 
2.0mm  membranes.  The  temperatures  of  each  different  heater  were  measured  with 
the  infrared  camera  over  a  range  of  voltages.  It  was  found  that  the  smaller  1.0mm 
heater  required  less  voltage  to  reach  the  same  temperatures  as  the  larger  1.5mm  and 
2.0mm  membranes.  This  is  due  to  the  lower  length  of  the  resistor  allows  a  higher 
current  to  flow  for  the  same  applied  voltage.  This  higher  current  results  in  a  higher 
power  dissipation  in  the  heater  leading  to  higher  temperatures  for  the  same  applie 
voltage.  This  is  similarly  the  case  looking  at  the  1.5mm  compared  to  the  2.0mm 
heaters.  The  results  are  summarized  in  figure  54. 


1.0  mm 
1.5  mm 
- 2.0mm 


Figure  54.  Plot  of  the  measured  membrane  temperature  vs.  the  applied  voltage  to  the 
heater. 


76 


4.2.3  Temperature  vs.  Deflection. 


With  the  buckled  membrane  in  a  stable  state,  additional  simulations  can  be  run 
analyze  the  membranes  response  to  an  increasing  temperature.  Beginning  at  300K, 
the  temperature  of  the  membrane  was  increased  by  100  K  for  each  subsequent  run. 
Analysis  showed  that  the  membrane  increased  in  deflection  from  an  initial  12pm  at 
300  K  to  approximately  32pm  at  1200K.  The  cross-sectional  prohle  of  the  membrane 
as  it  is  deflected  by  temperature  is  shown  in  Figure  55. 


Figure  55.  Cross-sectional  profile  of  buckled  membrane  at  different  temperature  appli¬ 
cations  ranging  from  300K  to  1200K. 
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4.3  Measured  Results 


All  of  the  measurements  done  to  analyze  the  behavior  of  the  tunable  pressure  sen¬ 
sors  was  done  on  the  Zygo  white  light  interferometer.  Deflection  was  measured  under 
increasing  temperature  and  applied  pressures.  Six  different  membrane  conhgurations 
were  measured  and  analyzed.  The  edge  length  of  these  square  membranes  varied  from 
1.0mm,  1.5mm,  and  2.0mm  each  with  a  silicon  mechanical  layer  thickness  of  5/im  or 
6/im  For  each  data  point,  an  average  of  four  different  membranes  is  used. 


4.3.1  Membrane  Deflection  vs  Membrane  Edge  Length  Measurement. 

Measuring  the  membrane  deflection  vs.  its  edge  length  for  both  5/im  and  6/im 
thick  mechanical  layers  with  no  applied  temperature  or  pressure  was  the  first  test. 
Results  showed  that  the  1.0mm,  5/im  thick  membrane  has  an  initial  deflection  of 
8.7/im  and  increases  to  24.8/im  when  it’s  size  is  increased  to  2.0mm.  Likewise,  results 
showed  that  the  1.0mm,  6/im  thick  membrane  has  an  initial  deflection  of  7.36/im 
and  increases  to  23.48/im  when  it’s  size  is  increased  to  2.0mm.  The  results  of  these 
measurements  are  summarized  in  table  3  and  illustrated  by  Figure  56. 


Table  3.  Measured  values  of  initial  membrane  deflection  with  at  room  temperature 
with  no  external  force  applied. 


Device  Layer  Thickness 

Membrane  Edge  Length 

Deflection 

1.0mm 

9.3/im 

5/im 

1.5mm 

17.5/im 

2.0mm 

24.8/im 

1.0mm 

7.36/im 

6/im 

1.5mm 

15.2/im 

2.0mm 

26.29/im 
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Figure  56.  Plot  of  the  initial  membrane  deflection  vs.  its  size  for  1.0mm,  1.5mm, 
and  2.0mm  square  membrane  with  5/im  (blue)  and  6/im  (red)  thick  silicon  mechanical 
layers. 


4.4  Buckled  Membrane  Stiffness  Measurement 


The  stiffness  of  the  buckled  membrane  was  measured  using  a  Femto  Tools  FT- 
WFS02-CT  probe  station.  This  tool  uses  a  piezoelectrically  actuated  force  sensor 
to  slowly  push  on  the  center  of  the  membrane  and  measure  the  response  force  of 
the  membrane.  Recall  that  the  stiffness  is  the  change  in  force  with  respect  to  the 
change  in  deflection.  This  means  that  the  slope  of  the  response  curve  indicates  the 
stiffness  of  the  membrane.  The  results,  illustrated  in  Figure  57,  are  consistent  with 
what  analytic  analysis  predicts. 

As  the  force  sensor  initially  begins  pressing  on  the  membrane,  the  response  force 
increases  demonstrating  a  region  of  positive  stiffness.  At  a  certain  point  (2)  the 
response  force  begins  to  decrease  as  the  force  sensor  continues  to  push  further  against 
the  membrane  indicating  a  region  of  negative  stiffness.  Eventually,  the  membrane  is 
pushed  past  its  snap-through  point  (3)  and  transitions  to  a  buckled  down  position, 
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Figure  57.  Plot  of  the  force  vs.  displacement  curve  of  a  1.5mm  membrane  showing 
regions  of  positive  (1)  and  negative  stiffness  (2)  as  well  as  the  snap  through  point  (3). 

leaving  the  force  sensor  out  of  contact  with  the  membrane  until  it  eventually  reaches 
it  again  and  continues  to  push  the  now  inverted  membrane  outward  (4). 


4.5  Tunable  Pressure  Sensor  Measurements 

4.5.1  Deflection  vs.  Pressure. 

Measuring  the  the  deflection  of  the  membrane  with  respect  to  applied  pressure 
revealed  is  important  to  understanding  the  overall  stiffness  of  the  membrane.  By 
applying  pressure  to  membranes  of  different  size  and  thickness,  and  measuring  their 
deflection  with  the  Zygo  white  light  interferometer,  it  was  shown  that  the  smaller 
the  membrane,  the  smaller  its  change  in  deflection  was.  For  the  1.0mm,  5/im  thick 
membrane  it’s  deflection  increased  6.57/im  from  8.7pm  at  0  psi  applied  up  to  15.27pm 
at  10  psi  applied.  Likewise,  the  1.5mm,  5pm  thick  membrane  increased  in  deflection 
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from  17.5/im  to  28.23/im,  an  increase  of  10.73/xm.  The  2.0mm  S/im  thick  membrane 
deflection  increased  14.33/im  from  24.8/im  to  39.13/im.  These  results  are  illustrated 
in  Figure  58. 


0  2  4  6  8  10  12 

Pressure  (psi) 


—  I.Ommx  1.0mm 

—  1.5mm  X  1.5mm 

—  2.0mm  X  2.0mm 


Figure  58.  Plot  of  the  deflection  vs.  applied  pressure  5/xm  thick,  1.0mm,  1.5mm,  and 
2.0mm  membranes.  The  2.0mm  membrane  exhibits  the  largest  range  of  deflection 
across  the  same  applied  pressures,  demonstrating  its  lower  overall  stiffness 


The  corresponding  6/im  thick  membranes  behave  in  the  same  fashion  as  their  5/im 
thick  counterparts.  For  the  1.0mm,  5/xm  thick  membrane  it’s  deflection  increased 
5.66/im  from  7.36/im  at  0  psi  applied  up  to  13.02pm  at  10  psi  applied.  Likewise,  the 
1.5mm,  5pm  thick  membrane  increased  in  deflection  from  15.2pm  to  22.98pm,  an 
increase  of  7.78pm.  The  2.0mm  5pm  thick  membrane  deflection  increased  13.56pm 
from  23.48pm  to  37.04pm.  These  results  are  illustrated  in  Figure  59.  The  measured 
results  of  all  the  membranes  are  summarized  in  table  4. 
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Figure  59.  Plot  of  the  deflection  vs.  applied  pressure  6/xm  thick,  1.0mm,  1.5mm,  and 
2.0mm  membranes.  The  2.0mm  membrane  exhibits  the  largest  range  of  deflection 
across  the  same  applied  pressures,  demonstrating  its  lower  overall  stiffness 


Table  4.  Measured  deflections  for  1.0mm,  1.5mm,  and  2.0mm  membranes  with  5/xm 
and  6/im  thicknesses 


Thickness 

Membrane  Size 

Opsi 

2psi 

4psi 

Opsi 

8psi 

lOpsi 

5/im 

1.0mm 

9.30/im 

11.33/im 

12.61/im 

13.53/im 

14.40/im 

15.27/im 

1.5mm 

17.50/im 

22.15/im 

24.48/im 

26.08/im 

27.20/im 

28.23/im 

2.0mm 

24.80/im 

29.45/im 

33.20/im 

35.23/im 

36.72/im 

39.13/im 

6/im 

1.0mm 

7.36/im 

9.45/im 

10.79/im 

11.60/im 

12.17/im 

13.02/im 

1.5mm 

15.20/im 

18.07/im 

19.62/im 

20.95/im 

21.95/im 

22.98/im 

2.0mm 

23.48/im 

27.11/im 

30.55/im 

33.05/im 

35.24/im 

37.04/im 

4.5.2  Deflection  vs.  Temperature. 

The  deflection  of  the  membrane  was  measured  with  respect  to  the  temperature 
applied  via  the  resistive  heater.  Four  different  membranes  of  each  size  and  thickness 
combination  were  measured  as  the  temperature  was  increased  and  the  results  were 
averaged  to  obtain  the  deflection  vs.  temperature  data. 


82 


Table  5  shows  the  results  of  the  deflection  vs.  applied  temperature  for  the  S/im 
and  6/im  thick  1.0mm  x  1.0mm  membranes.  These  results  are  plotted  in  Figure 
60.  The  5pm  thick  membrane  has  an  initial  deflection  of  7.905pm  at  299. 44K  and  a 
maximum  deflection  of  16.473pm  at  315. 88K.  The  6pm  thick  membrane  has  an  initial 
deflection  of  6.256pm  at  299. 44K  and  a  maximum  deflection  of  11.152pm  at  315. 88K. 

Table  5.  Deflection  vs.  Applied  Temperature  for  1.0mm  x  1.0mm  membranes. 


Temperature  (K) 

Deflection  (pm) 

5pm 

6  pm 

299.44 

7.905 

6.256 

299.51 

8.330 

6.409 

299.73 

8.883 

6.970 

300.43 

9.749 

7.437 

302.52 

11.025 

8.066 

305.49 

12.555 

8.899 

310.01 

14.425 

9.971 

315.88 

16.473 

11.152 

298  300  302  304  306  308  310  312  314  316  318 

Temperature  (K) 


—  Sum  Thick 

—  6um  Thick 


Figure  60.  Deflection  data  for  1.0mm  x  1.0mm  membrane  with  5^m  and  6/im  thick 
device  layer. 


83 


Table  6  shows  the  results  of  the  deflection  vs.  applied  temperature  for  the  S/im 
and  6pm  thick  1.5mm  x  1.5mm  membranes.  These  results  are  plotted  in  Figure  61. 

Table  6.  Deflection  vs.  Applied  Temperature  for  1.50mm  x  1.50mm  membranes. 


Temperature  (K) 

Deflection  (pm) 

5pm 

6pm 

299.44 

14.525 

12.616 

299.49 

15.355 

12.889 

299.69 

16.351 

13.073 

300.08 

17.596 

13.371 

300.79 

18.351 

13.977 

301.89 

19.713 

14.458 

303.44 

21.148 

14.923 

305.54 

22.584 

15.612 

308.39 

24.253 

16.583 

312.39 

25.68 

17.380 

317.12 

27.382 

18.351 

298  300  302  304  306  308  310  312  314  316  318 

Temp€rature  (K) 


- 5um  Thick 

—  6um  Thick 


Figure  61.  Deflection  data  for  1.5mm  x  1.5mm  membrane  with  5^m  and  6/im  thick 
device  layer. 


The  5pm  thick  membrane  has  an  initial  deflection  of  14.525pm  at  299. 44K  and 
a  maximum  deflection  of  27.382pm  at  317. 12K.  The  6pm  thick  membrane  has  an 
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initial  deflection  of  12.616/ini  at  299. 44K  and  a  maximum  deflection  of  18.351/im  at 
317.12K. 


Table  7  shows  the  results  of  the  deflection  vs.  applied  temperature  for  the  5/im 
and  6pm  thick  2.0mm  x  2.0mm  membranes.  These  results  are  plotted  in  Figure 
62.  The  5pm  thick  membrane  has  an  initial  deflection  of  19.840pm  at  299. 44K  and 
a  maximum  deflection  of  35.608pm  at  324. IIK.  The  6pm  thick  membrane  has  an 
initial  deflection  of  18.784pm  at  299. 44K  and  a  maximum  deflection  of  27.824pm  at 
324.11K. 


Table  7.  Deflection  vs.  Applied  Temperature  for  2.00mm  x  2.00mm  membranes. 


Temperature  (K) 

Deflection  (pm) 

5pm 

6pm 

299.44 

19.840 

18.784 

299.45 

20.080 

18.848 

299.57 

20.328 

19.000 

299.80 

20.688 

19.208 

300.13 

21.232 

19.456 

300.65 

21.928 

19.84 

301.33 

22.768 

20.408 

302.24 

23.832 

20.816 

303.44 

24.992 

21.424 

305.00 

26.176 

21.968 

307.18 

27.44 

22.872 

309.50 

28.928 

23.744 

312.32 

30.352 

24.616 

315.72 

32.080 

25.600 

319.37 

33.752 

26.680 

324.11 

35.608 

27.824 
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Figure  62.  Deflection  data  for  2.0mm  x  2.0mm  membrane  with  5^m  and  6/im  thick 
device  layer. 


4.5.3  Deflection  vs.  Pressure  and  Temperature. 

In  order  to  quantify  the  effects  of  thermal  stiffness  tuning  on  the  sensitivity  of  the 
pressure  sensor,  the  membrane  deflection  was  measured  with  respect  to  varying  pres¬ 
sure  and  temperature.  The  measurements  were  repeated  on  four  different  membranes 
and  averaged  for  each. 

Table  8  shows  the  results  of  the  deflection  measurements  over  an  applied  pressure 


range  from  zero  to  ten  psi  and  a  range  of  applied  temperature  from  299. 44K  to 
315. 88K  for  a  5/im  thick,  1.0mm  x  1.0mm  membranes.  These  results  are  plotted  in 
Figure  63. 


Table  8.  Table  of  measured  deflections  for  a  5/im  thick,  1.0mm  x  1.0mm  membrane. 


Temperature  (K) 

Pressure  (psi) 

0 

2 

4 

6 

8 

10 

299.44 

9.30 

11.33 

12.61 

13.53 

14.40 

15.27 

299.51 

9.80 

11.72 

12.75 

13.61 

14.66 

15.36 

299.73 

10.45 

12.22 

13.12 

13.95 

14.92 

15.62 

300.43 

11.47 

12.93 

13.88 

14.47 

15.54 

16.04 

302.52 

12.97 

14.19 

14.92 

15.54 

16.39 

16.98 

305.49 

14.77 

15.85 

16.22 

16.82 

17.70 

18.19 

310.01 

16.97 

17.61 

17.89 

18.30 

19.20 

19.35 

315.88 

19.38 

19.76 

20.14 

20.44 

20.92 

21.18 
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Figure  63.  Deflection  data  for  a  5/zm  thick,  1.0mm  x  1.0mm  membrane. 


Table  9  shows  the  results  of  the  deflection  measurements  over  an  applied  pressure 
range  from  zero  to  ten  psi  and  a  range  of  applied  temperature  from  299. 44K  to 
315. 88K  for  a  6pm  thick,  1.0mm  x  1.0mm  membranes.  These  results  are  plotted  in 
Figure  64. 
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Table  9.  Table  of  measured  deflections  for  a  6/im  thick,  1.0mm  x  1.0mm  membrane. 


Temperature  (K) 

Pressure  (psi) 

0 

2 

4 

6 

8 

10 

299.44 

7.36 

9.44 

10.79 

11.60 

12.17 

13.02 

299.51 

7.54 

9.50 

10.89 

11.64 

12.22 

13.05 

299.73 

8.19 

9.74 

11.03 

11.89 

12.65 

13.23 

300.43 

8.75 

10.17 

11.47 

12.17 

12.87 

13.54 

302.52 

9.49 

10.82 

12.00 

12.55 

13.47 

13.93 

305.49 

10.47 

11.67 

12.56 

13.32 

14.08 

14.47 

310.01 

11.73 

12.77 

13.36 

14.13 

14.77 

15.30 

315.88 

13.12 

13.82 

14.74 

15.13 

15.55 

16.27 

16 


14 


12 


10 


6 

295 


300 


305 


310 


Temperature  (K) 
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320 
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Figure  64.  Deflection  data  for  a  6/zm  thick,  1.0mm  x  1.0mm  membrane. 


Deflection  (urn) 


Table  10  shows  the  results  of  the  deflection  measurements  over  an  applied  pressure 
range  from  zero  to  ten  psi  and  a  range  of  applied  temperature  from  299. 44K  to  317. 12K 
for  a  5/im  thick,  1.5mm  x  1.5mm  membranes.  These  results  are  plotted  in  Figure  65. 


Table  10.  Table  of  measured  deflections  for  a  5/j,m  thick,  1.5mm  x  1.5mm  membrane. 


Temperature  (K) 

Pressure  (psi) 

0 

2 

4 

6 

8 

10 

299.44 

17.50 

22.15 

24.48 

26.08 

27.20 

28.23 

299.49 

18.50 

22.85 

24.55 

26.13 

27.22 

28.66 

299.69 

19.70 

23.45 

24.83 

26.20 

27.25 

28.91 

300.08 

21.20 

24.25 

25.36 

26.64 

27.51 

29.33 

300.79 

22.11 

24.98 

26.49 

27.73 

28.20 

29.47 

301.89 

23.75 

25.94 

27.43 

28.60 

29.22 

30.15 

303.44 

25.48 

27.25 

28.61 

29.63 

29.97 

31.08 

305.54 

27.21 

28.54 

30.02 

30.60 

31.14 

32.11 

308.39 

29.22 

30.34 

31.65 

31.95 

33.03 

33.61 

312.39 

30.94 

32.10 

33.36 

33.65 

34.65 

34.89 

317.12 

32.99 

34.45 

35.38 

35.75 

35.97 

36.47 

Figure  65.  Deflection  data  for  5p,m  thick,  1.5mm  x  1.5mm  membrane. 
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Table  1 1  shows  the  results  of  the  deflection  measurements  over  an  applied  pressure 
range  from  zero  to  ten  psi  and  a  range  of  applied  temperature  from  299. 44K  to  317. 12K 
for  a  6/im  thick,  1.5mm  x  1.5mm  membranes.  These  results  are  plotted  in  Figure  66. 


Table  11.  Table  of  measured  deflections  for  a  6/j,m  thick,  1.5mm  x  1.5mm  membrane. 


Temperature  (K) 

Pressure  (psi) 

0 

2 

4 

6 

8 

10 

299.44 

15.20 

18.07 

19.62 

20.95 

21.95 

22.98 

299.49 

15.53 

18.13 

19.67 

21.10 

22.09 

23.04 

299.69 

15.75 

18.29 

19.80 

21.23 

22.20 

23.16 

300.08 

16.11 

18.53 

19.98 

21.29 

22.31 

23.33 

300.79 

16.84 

18.88 

20.25 

21.60 

22.56 

23.64 

301.89 

17.42 

19.45 

20.69 

22.00 

23.08 

23.99 

303.44 

17.98 

20.05 

21.47 

22.39 

23.42 

24.37 

305.54 

18.80 

20.77 

21.95 

23.11 

24.06 

24.90 

308.39 

19.98 

21.47 

22.73 

23.67 

24.61 

25.54 

312.39 

20.94 

22.63 

23.43 

24.51 

25.61 

26.26 

317.12 

22.11 

23.64 

24.42 

25.44 

26.08 

27.05 

Figure  66.  Deflection  data  for  a  6/zm  thick,  1.5mm  x  1.5mm  membrane. 
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Table  12  shows  the  results  of  the  deflection  measurements  over  an  applied  pressure 
range  from  zero  to  ten  psi  and  a  range  of  applied  temperature  from  299. 44K  to  324.  IIK 
for  a  5/im  thick,  2.0mm  x  2.0mm  membranes.  These  results  are  plotted  in  Figure  67. 


Table  12.  Table  of  measured  deflections  for  a  5/im  thick,  2.0mm  x  2.0mm  membrane. 


Temperature  (K) 

Pressure  (psi) 

0 

2 

4 

6 

8 

10 

299.44 

24.80 

29.45 

33.20 

35.22 

36.72 

39.13 

299.45 

25.10 

29.49 

33.78 

35.25 

36.89 

39.29 

299.57 

25.41 

29.67 

33.92 

35.36 

37.17 

39.35 

299.80 

25.86 

29.98 

34.11 

35.59 

37.57 

39.40 

300.13 

26.54 

30.45 

34.59 

35.94 

37.82 

39.70 

300.65 

27.41 

31.06 

34.94 

36.42 

38.22 

40.07 

301.33 

28.46 

31.85 

35.60 

37.01 

38.71 

40.51 

302.24 

29.79 

32.72 

36.32 

37.68 

39.42 

41.14 

303.44 

31.24 

33.83 

37.22 

38.53 

40.15 

41.85 

305.00 

32.72 

35.15 

38.29 

39.42 

41.01 

42.56 

307.18 

34.29 

36.56 

39.45 

40.54 

42.11 

43.62 

309.50 

36.15 

38.18 

40.82 

41.77 

43.21 

44.57 

312.32 

37.94 

40.04 

42.38 

43.44 

44.61 

45.86 

315.72 

40.10 

41.86 

44.14 

44.92 

45.99 

47.22 

319.37 

42.19 

43.55 

45.88 

46.59 

47.46 

48.69 

324.11 

44.51 

46.11 

47.78 

48.20 

49.21 

50.01 

Table  13  shows  the  results  of  the  deflection  measurements  over  an  applied  pressure 
range  from  zero  to  ten  psi  and  a  range  of  applied  temperature  from  299. 44K  to  324.1  IK 
for  a  6/im  thick,  2.0mm  x  2.0mm  membranes.  These  results  are  plotted  in  Figure  68. 
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Figure  67.  Deflection  data  for  2mm  x  2mm  membrane  with  5fim  thick  device  layer. 


Table  13.  Table  of  measured  deflection  of  6/xm  thick,  2.0mm  x  2.0mm  membrane. 


Temperature  (K) 

Pressure  (psi) 

0 

2 

4 

6 

8 

10 

299.44 

23.48 

27.11 

30.55 

33.04 

35.24 

37.04 

299.45 

23.56 

27.16 

30.61 

33.08 

35.28 

37.06 

299.57 

23.75 

27.23 

30.69 

33.14 

35.36 

37.10 

299.80 

24.01 

27.32 

30.80 

33.18 

35.45 

37.20 

300.13 

24.32 

27.56 

30.94 

33.40 

35.61 

37.40 

300.65 

24.80 

27.98 

31.33 

33.94 

35.69 

37.61 

301.33 

25.51 

28.68 

31.51 

34.18 

36.10 

37.83 

302.24 

26.02 

29.19 

31.94 

34.53 

36.20 

38.18 

303.44 

26.78 

29.84 

32.61 

34.99 

36.93 

38.56 

305.00 

27.46 

30.43 

33.29 

35.50 

37.40 

39.02 

307.18 

28.59 

31.33 

33.99 

36.13 

37.65 

39.47 

309.50 

29.68 

32.15 

34.65 

36.78 

38.53 

40.04 

312.32 

30.77 

33.13 

35.50 

37.47 

39.22 

40.60 

315.72 

32.00 

34.20 

36.45 

38.32 

39.90 

41.41 

319.37 

33.35 

35.29 

37.47 

39.20 

40.79 

42.17 

324.11 

34.78 

36.40 

38.44 

40.21 

41.77 

43.01 
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Figure  68.  Deflection  data  for  a  6/zm  thick,  2.0mm  x  2.0mm  membrane. 


4.5.4  Pressure  Sensitivity. 

The  sensitivity  of  the  pressure  sensor  is  the  ratio  of  its  deflection  to  the  pressure 
applied.  A  pressure  sensor  that  is  more  sensitive  will  deflect  further  than  a  less 
sensitive  pressure  sensor  will  for  the  same  applied  pressure.  By  thermally  tuning  the 
stiffness  of  the  buckled  membrane,  the  sensitivity  is  also  tuned. 

The  sensitivity  was  quantified  by  taking  the  overall  range  of  the  membrane  de¬ 
flection  from  0  psi  to  10  psi  with  no  heat.  It  can  be  seen  here  that  while  each 
configuration  of  pressure  sensor  has  a  unique  curve,  all  of  them  are  found  to  have  a 
decreasing  sensitivity  over  their  range  of  applied  temperatures. 

Table  14  shows  the  pressure  sensitivity  of  both  a  5/im  and  6/rm  thick,  1.0mm  by 
1.0mm  pressure  sensor  over  a  range  of  temperatures  from  299. 44K  to  315. 88K.  The 
5/im  thick  pressure  sensor  shows  a  69.8  percent  decrease  in  sensitivty  over  this  range 
of  temperature  while  the  6/im  thick  pressure  sensor  shows  a  44.3  percent  decrease  in 
sensitivity  over  the  same  temperature  range.  These  results  are  plotted  in  Figure  69. 
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Table  14.  Sensitivity  vs.  Applied  Temperature  for  both  5/zm  and  6/im  thick,  1.0mm  x 
1.0mm  membranes. 


Temperature  (K) 

Sensitivity  (pm/psi) 

5pm 

6  pm 

299.44 

0.597 

0.566 

299.51 

0.556 

0.551 

299.73 

0.517 

0.503 

300.43 

0.457 

0.479 

302.52 

0.401 

0.444 

305.49 

0.342 

0.400 

310.01 

0.238 

0.357 

315.88 

0.180 

0.315 

Temperature  (K) 


Figure  69.  Plot  of  the  sensitivity  of  a  1.0mm  x  1.0mm  membrane  with  a  5.0/im  and 
6.0/im  thick  device  layer. 


Table  15  shows  the  pressure  sensitivity  of  both  a  5/im  and  6pm  thick,  1.5mm  by 
1.5mm  pressure  sensor  over  a  range  of  temperatures  from  299. 44K  to  317. 12K.  The 
5pm  thick  pressure  sensor  shows  a  67.6  percent  decrease  in  sensitivty  over  this  range 
of  temperature  while  the  6pm  thick  pressure  sensor  shows  a  36.5  percent  decrease  in 
sensitivity  over  the  same  temperature  range.  These  results  are  plotted  in  Figure  70. 
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Table  15.  Sensitivity  vs.  Applied  Temperature  for  both  5^m  and  6/im  thick,  1.5mm  x 
1.5mm  membranes. 


Temperature  (K) 

Sensitivity  (/im/psi 

5/tm 

6/tm 

299.44 

1.073 

0.778 

299.49 

1.016 

0.751 

299.69 

0.921 

0.741 

300.08 

0.813 

0.722 

300.79 

0.736 

0.680 

301.89 

0.640 

0.657 

303.44 

0.560 

0.639 

305.54 

0.490 

0.609 

308.39 

0.440 

0.556 

312.39 

0.395 

0.532 

317.12 

0.348 

0.494 

5um  Thick 
6um  Thick 


Figure  70.  Plot  of  the  sensitivity  of  a  1.5mm  x  1.5mm  membrane  with  a  5.0/im  and 
6.0/im  thick  device  layer. 
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Table  16  shows  the  pressure  sensitivity  of  both  a  5/im  and  6/ini  thick,  l.Smm  by 
l.Smm  pressure  sensor  over  a  range  of  temperatures  from  299. 44K  to  324. IIK.  The 
5/im  thick  pressure  sensor  shows  a  61.6  percent  decrease  in  sensitivty  over  this  range 
of  temperature  while  the  6/im  thick  pressure  sensor  shows  a  39.3  percent  decrease  in 
sensitivity  over  the  same  temperature  range.  These  results  are  plotted  in  Figure  71. 


Table  16.  Sensitivity  vs.  Applied  Temperature  for  both  5/im  and  B/tm  thick,  2.00mm 
X  2.00mm  membranes. 


Temperature  (K) 

Sensitivity  (/tm/psi 

5/im 

6/im 

299.44 

1.433 

1.356 

299.45 

1.419 

1.350 

299.57 

1.394 

1.335 

299.80 

1.354 

1.319 

300.13 

1.316 

1.309 

300.65 

1.266 

1.281 

301.33 

1.205 

1.232 

302.24 

1.135 

1.216 

303.44 

1.061 

1.178 

305.00 

0.984 

1.156 

307.18 

0.932 

1.088 

309.50 

0.841 

1.037 

312.32 

0.792 

0.983 

315.72 

0.712 

0.941 

319.37 

0.650 

0.882 

324.11 

0.550 

0.823 
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Figure  71.  Plot  of  the  sensitivity  of  a  2.0mm  x  2.0mm  membrane  with  a  5.0/im  and 
G.O^m  thick  device  layer. 


4.5.5  Volume  Actuation. 

The  volume  under  the  membrane  as  a  function  is  determined  by  applying  a  mea¬ 
sured  membrane  deflection  to  equation  6.  Table  17  shows  the  volume  results  for  both 
the  5/tm  and  6/im  thick  1.0mm  membrane  as  it  is  actuated  over  a  range  of  temper¬ 
atures  from  299. 44K  to  315. 88K.  The  5/im  thick  membrane  has  an  initial  volume  of 
2.170xl0^/tm^  and  a  maximum  volume  of  4.525xl0^/tm^.  The  6/im  thick  has  an  initial 
volume  of  1.719xl0^/im^  and  a  maximum  volume  of  3.064xl0^/im^.  These  results  are 
plotted  in  Figure  72. 
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Table  17.  Volume  vs.  Temperature  of  a  5/im  and  6^m  thick,  1.0mm  x  1.0mm  membrane. 


Temperature  (K) 

Volume  (/rm^) 

5/im 

6/im 

299.44 

2.172e7 

1.719e7 

299.51 

2.288e7 

1.761e7 

299.73 

2.441e7 

1.915e7 

300.43 

2.678e7 

2.044e7 

302.52 

3.029e7 

2.216e7 

305.49 

3.449e7 

2.445e7 

310.01 

3.963e7 

2.739e7 

315.88 

4.526e7 

3.064e7 

298  300  302  304  306  308  310  312  314  316  318 


—  5um  Thick 
6um  Thick 


Temperature  (K) 

Figure  72.  Plot  of  the  membrane  volume  vs.  temperature  for  a  1.0mm  x  1.0mm 
membrane. 
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Table  18  shows  the  volume  results  for  both  the  5/im  and  6/im  thick  1.5mm  mem¬ 
brane  as  it  is  actuated  over  a  range  of  temperatures  from  299. 44K  to  317.1  IK.  The 
5/im  thick  membrane  has  an  initial  volume  of  9.196xl0^/im^  and  a  maximum  vol¬ 
ume  of  1.733xl0®/im^.  The  6/im  thick  has  an  initial  volnme  of  7.987xl0^/im^  and  a 
maximnm  volnme  of  1.162xl0®/im^.  These  resnlts  are  plotted  in  Figure  73. 

Table  18.  Volume  vs.  Temperature  of  a  5/im  and  6/im  thick,  1.5mm  x  1.5mm  membrane. 


Temperature  (K) 

Volume  (/im^) 

5/im 

6/im 

299.44 

9.196e7 

7.987e7 

299.49 

9.721e7 

8.161e7 

299.68 

1.035e8 

8.276e7 

300.08 

1.114e8 

8.465e7 

300.79 

1.116e8 

8.849e7 

301.88 

1.248e8 

9.154e7 

303.44 

1.339e8 

9.448e7 

305.54 

1.429e8 

9.884e7 

308.39 

1.535e8 

1.049e8 

312.39 

1.625e8 

1.100e8 

317.11 

1.733e8 

1.162e8 
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Figure  73.  Plot  of  the  membrane  volume  vs.  temperature  for  a  1.5mm  x  1.5mm 
membrane. 


Table  19  shows  the  volume  results  for  both  the  5/im  and  6/im  thick  1.5mm  mem¬ 
brane  as  it  is  actuated  over  a  range  of  temperatures  from  299. 44K  to  324.1  IK.  The 
5/im  thick  membrane  has  an  initial  volume  of  2.317xl0®/im^  and  a  maximum  vol¬ 
ume  of  4.158xl0®/im^.  The  6/im  thick  has  an  initial  volume  of  2.193xl0®/im^  and  a 
maximum  volume  of  3.249xl0®/im^.  These  results  are  plotted  in  Figure  74. 
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Table  19.  Volume  vs.  Temperature  of  a  5/^m  and  6^m  thick,  2.0mm  x  2.0mm  membrane. 


Temperature  (K) 

Volume  (yum^) 

5yum 

6/im 

299.44 

2.317e8 

2.193e8 

299.45 

2.344e8 

2.201e8 

299.57 

2.373e8 

2.219e8 

299.79 

2.416e8 

2.243e8 

300.12 

2.479e8 

2.272e8 

300.65 

2.651e8 

2.317e8 

301.33 

2.659e8 
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Figure  74.  Plot  of  the  membrane  volume  vs.  temperature  for  a  2.0mm  x  2.0mm 
membrane. 
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4.6  Bonding  and  Integration  Resnlts 


4.6.1  SU-8  Bonding  Results. 

The  samples  were  all  tested  to  the  point  at  which  the  bond  of  the  SU-8  pads 
failed,  and  the  tensile  force  at  this  point  was  recorded.  Statistical  analysis  of  this 
raw  data  indicated  that  there  was  a  direct  correlation  between  UV  exposure  dose 
and  separation  force.  A  trend-line  was  fitted  to  this  raw  data  (Figure  75)  and  a  two- 
sided  t-test  determined  with  90%  confidence  that  the  slope  of  this  line  was  non-zero. 
Equation  27  models  the  trend-line,  determined  through  regression  analysis, 

y  =  0.0367  +  0.0779A:,  (27) 

where  Y  is  the  separation  force  in  Newtons  and  X  is  the  UV  exposure  time  in  seconds. 
This  model  was  found  to  have  a  coefficient  of  correlation  (R^)  of  0.31,  meaning  that 
31%  of  the  variability  of  the  separation  force  is  can  be  attributed  to  the  UV  exposure 
dosage. 


4  6  3  iO  12  14  16 

Seconds  of  UV  Exposure 

Figure  75.  A  predictor  trend-line  fitted  to  raw  data  from  the  separation  testing  was 
found  to  be  non-zero  with  90%  confidence. 
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4.6.2  Etch  Resiliency  of  Cross-linked  SU-8. 


The  cross-linked  SU-8  materials,  processed  during  this  study,  were  further  inves¬ 
tigated  to  assess  their  resiliency  to  plasma  etching.  The  thicknesses  of  un-bonded, 
cross-linked  SU-8  structures  were  initially  measured  using  a  KLA  Tencor  Alpha  IQ 
Step  surface  prohlometer.  The  samples  were  etched  in  an  O2  plasma  asher  for  5  min¬ 
utes  at  100  watts  with  him  thickness  being  recorded  after  etching.  The  samples  were 
then  placed  back  in  the  plasma  asher  for  15  minutes  at  100  watts  with  the  subsequent 
thicknesses  of  the  SU-8  structures  being  recorded.  Five  structures  were  measured  for 
each  UV  dosage  with  the  average  thicknesses  per  dosage  plotted  in  Figure  76. 


•  Initial  Thickness 
U  S  Minute  Etch 
-*-15  Minute  Etch 


Figure  76.  Plot  of  the  average  SU-8  thicknesses  with  respect  to  UV  exposure  time 
for  the  initial  thickness,  following  a  5  minute  plasma  etch,  and  following  a  15  minute 
plasma  etch. 


4.7  Multidirectional  actuator 

4.7.1  Thermal  Results. 

The  localized  heating  of  individual  quadrants  of  the  membrane  was  investigated 
using  a  thermal  camera.  The  results  show  that  the  membrane  undergoes  localized 
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heating  under  the  heater  as  expected  and  that  the  remaining  three  quadrants  exhibit 
rise  in  temperature  that  is  88%  less  than  the  temperature  rise  of  the  hot  quadrant. 
The  heat  is  restricted  to  this  region  because  the  substrate  surrounding  the  membrane 
on  two  sides  of  the  heated  quadrant  acts  as  a  heat  sink,  and  draws  the  heat  away 
from  the  rest  of  the  membrane.  This  can  be  seen  as  the  light  blue  region  surrounding 
the  membrane. 


Figure  77.  Thermal  camera  imaging  of  the  multidirectional  heater  with  7  volts  applied 
to  the  lower  left  heater. 


The  temperature  was  measured  by  taking  an  average  of  points  within  each  quad¬ 
rant.  The  average  temperature  in  the  “hot”  quadrant  ranged  from  301. 8K  at  zero 
volts  applied  to  434. 2K  at  seven  volts  applied.  The  average  temperature  of  the  “cold” 
quadrant  ranged  from  301. 8K  at  zero  volts  applied  to  317K  at  seven  volts  applied. 
These  temperatures  are  summarized  in  the  table  20  and  illustrated  in  Figure  78. 
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Table  20.  Summary  of  applied  voltage,  current,  power,  and  temperature  for  the  hot 
and  cold  quadrants  of  the  multidirectional  actuator. 


Voltage  (V) 

Current  (mA) 

Power  (mW) 

Hot  Temp  (K) 

Colt  Temp  (K) 

0 

0 

0 

301.8 

301.8 

1 

44 

11 

303.1 

301.2 

2 

85 

21 

305.4 

301.7 

3 

123 

42 

313.6 

302.8 

4 

154 

79 

330.5 

304.5 

5 

180 

103 

358.1 

307.2 

6 

198 

125 

390.4 

311.3 

7 

210 

142 

434.2 

317.0 

435 

415 

g  395 

£ 

^  375 
^  355 
335 
315 
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Figure  78.  Plot  of  the  average  temperatures  in  each  quadrant  of  the  multidirectional 
membrane.  The  “hot”  quadrant  (blue)  increases  from  301K  to  434K.  The  “cold” 
quadrant  increases  from  301K  to  317K. 


4.7.2  Actuation  Results. 

The  localized  deflection  of  the  membrane  quadrants  was  measured  using  the  Zygo 
white  light  interferometer  before  the  mirror  assembly  was  bonded  to  it.  The  results, 
illustrated  in  Figures  79  and  80,  show  that  a  localized  deflection  occurs  within  the 
quadrant  that  is  being  heated.  With  seven  volts  applied,  which  corresponds  to  434K, 
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peak  deflection  of  approximately  13/im  occurs  300pm  from  the  center  of  the  mem¬ 
brane. 
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Figure  79.  Screenshot  of  Zygo  software  measuring  the  deflection  of  the  multidirectional 
thermal  actuator  with  no  voltage  applied.  A  top  view  image  of  the  membrane  is  shown 
in  (a)  while  a  plot  of  the  surface  profile  of  the  membrane  is  shown  in  (b). 
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Figure  80.  Screenshot  of  Zygo  software  measuring  the  deflection  of  the  multidirectional 
thermal  actuator  with  seven  volts  applied.  A  top  view  image  of  the  membrane  is  shown 
in  (a)  while  a  plot  of  the  surface  profile  of  the  membrane  is  shown  in  (b). 


The  actuation  of  the  fully  assembled  mirror  assembly  was  then  measured  using 
the  Zygo.  The  four  quadrants  were  arbitrarily  named  north,  south,  east,  and  west 
with  respect  to  each  other.  Each  quadrant  was  actuated  from  zero  to  six  volts  and 
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the  tilt  angle  of  the  surface  of  the  mirror  was  measured.  The  results  are  summarized 
in  table  21. 

Note  that  the  mirror  always  tilts  more  to  the  north  quadrant  than  to  the  south  as 
well  as  more  to  the  east  quadrant  than  the  west.  Visual  inspection  of  the  assembly 
revealed  that  the  mirror  is  slightly  off  centered  to  the  north-east  of  the  very  center 
of  the  membrane.  This  can  be  explained  because  the  single  pillar  that  supports  the 
mirror  is  off  center,  and  skewed  to  one  direction  where  the  maximum  deflection  of 
the  membrane  occurs.  When  those  quadrants  are  actuated,  that  side  of  the  mirror 
experiences  a  higher  deflection  than  it  would  in  the  opposite  direction. 


Table  21.  Tilt  angle  vs.  applied  voltage 


Voltage 

North 

South 

East 

West 

0 

0 

0 

0 

0 

1 

0.06 

0.03 

0.03 

0.02 

2 

0.14 

0.1 

0.09 

0.05 

3 

0.24 

0.19 

0.19 

0.14 

4 

0.37 

0.34 

0.33 

0.26 

5 

0.57 

0.51 

0.48 

0.44 

6 

0.80 

0.71 

0.75 

0.67 

108 


0.9 


VoKage  (V) 

Figure  81.  Plot  of  the  multidirectional  micromirror  tilt  angle  vs.  applied  voltage. 

4.8  Summary 

This  chapter  provided  the  results  of  analytic  and  FEM  modeling  of  the  buckled 
membranes  as  well  as  measured  data  of  the  fabricated  devices.  These  results  demon¬ 
strate  that  the  analytic  analysis  and  FEM  modeling  are  good  predictors  of  the  actual 
behavior  of  the  fabricated  membranes.  The  results  of  a  detailed  study  on  bonding 
methods  were  presented.  Results  of  the  a  study  into  the  use  of  SU-8  photoresist  for 
bonding  and  packaging  MEMS  devices  as  well  as  integrating  the  buckled  membranes 
into  larger  scale  devices  was  presented.  Additionally,  it  was  shown  that  multidirec¬ 
tional  actuation  of  the  buckled  membrane  can  be  achieved  through  selectively  heating 
specihc  regions  of  the  membrane  in  order  to  generate  a  localized  deflection  in  that 
specific  region.  The  following  chapter  will  provide  detailed  analysis  of  the  results 
presented  in  this  chapter. 
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V.  Analysis 


This  section  provides  an  analysis  of  the  results  presented  in  Chapter  IV.  Com¬ 
parisons  between  the  analytic  modeling,  FEM  modeling,  and  measured  results  are 
presented  first.  Analysis  of  the  buckled  membranes  response  to  applied  temperature 
and  applied  pressure  are  is  provided  as  well  as  analysis  of  the  pressure  sensitivity 
response  of  each  different  pressure  sensor.  Statistical  analysis  of  the  relationship 
between  the  degree  of  SU-8  cross  linking  and  its  bond  strength  is  provided  along 
with  analysis  of  the  etch  resiliency  results  provided  in  the  previous  chapter.  Finally, 
analysis  of  the  results  of  the  multidirectional  actuator  testing  are  discussed. 

5.1  Modeling  vs.  Measured  Data 

A  comparison  of  three  data  sources  (Analytic  modeling,  FEM  modeling,  and  mea¬ 
surement)  for  the  membrane  deflection  vs.  its  size  are  shown  in  Figure  82  for  a  1.0mm, 
1.5mm,  and  2.0mm  membrane  with  a  5/im  thick  and  Figure  83  for  the  O/xm  thick 
membranes. 

These  figures  show  that  both  the  analytic  equations  and  the  FEM  modeling  are 
good  predictors  of  experimental  data.  The  FEM  model  consistently  overestimates  the 
membrane  deflection  by  approximately  12%  for  each  size  and  thickness  membrane. 
FEM  simulation  assumes  a  defect  free  material  where  in  reality  small  structural  de¬ 
fects  present  throughout  the  membrane  may  serve  to  limit  it’s  deflection. 

The  analytic  model  also  consistently  overestimated  the  deflection  of  the  mem¬ 
brane.  This  can  be  attributed  to  the  same  reasons  that  the  FEM  modeling  overesti¬ 
mated.  The  analytic  model  does  not  take  into  account  any  defects  in  the  material  or 
any  additional  stiffness  contributed  by  the  electrothermal  heaters  fabricated  on  top  of 
the  membrane.  The  analytic  modeling  also  does  not  take  into  account  the  mass  effects 
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Figure  82.  Plot  of  the  analytic  modeling  (blue),  FEM  modeling  (red),  and  measured 
deflections  (green)  for  the  5/j,m  thick,  1.0mm  x  1.0mm,  1.5mm  x  1.5mm,  and  2.0  x 
2.0mm  membranes. 


of  the  membrane.  As  the  membrane  size  increases,  so  does  its  mass.  As  this  mass 
increases,  the  membrane  deflection  decreases.  This  explains  the  decreasing  variance 
of  the  analytic  model  as  the  membrane  size  increases.  Table  22  provides  a  comparison 
between  the  results  of  the  analytic  modeling,  FEM  modeling,  and  measured  results 
as  well  as  the  error  of  each  type  of  modeling  compared  to  the  measured  results. 

The  membranes  tendency  to  increase  in  deflection  as  its  size  is  increased  makes 
sense  from  an  analytic  standpoint.  Recall  from  equation  3  that  the  key  factor  in 
determining  the  membranes  initial  deflection  is  the  critical  stress  (Jcr  and  that  from 
equation  7  that  the  critical  stress  is  dependent  on  membrane  size,  and  thickness. 
Keeping  the  thickness  constant,  the  critical  stress  then  becomes  solely  dependent  on 
varying  membrane  size.  Combining  both  equations  7  and  3  we  see  that  the  deflection 
is  directly  proportional  to  the  membrane  size.  Additionally,  the  decrease  in  deflection 
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Figure  83.  Plot  of  the  analytic  modeling  (blue),  FEM  modeling  (red),  and  measured 
deflections  (green)  for  the  6/j,m  thick,  1.0mm  x  1.0mm,  1.5mm  x  1.5mm,  and  2.0  x 
2.0mm  membranes. 


resulting  from  increasing  thickness  also  makes  sense  from  an  analytic  standpoint. 
When  keeping  the  membrane  size  constant,  it  can  be  seen  that  the  deflection  of  the 
membrane  is  inversely  proportional  to  the  flexural  rigidity  (D)  of  the  membrane, 
which  increases  with  thickness. 


5.1.1  Deflection  vs.  Pressure. 

Membrane  pressure  vs.  deflection  results  indicated  that  smaller  the  membrame, 
the  less  it  deflects  for  a  given  pressure  increase.  Table  23  summarizes  the  change  in 
deflection  of  each  membrane  across  an  applied  pressure  range  of  10  psi.  For  example, 
a  5/im  thick,  1.0mm  x  1.0mm  membrane  will  deflect  6.57/im  from  its  initial  position 
when  lOpsi  is  applied  to  it. 
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Table  22.  Table  of  membrane  deflection  results  for  analytic  modeling,  FEM  modeling, 
and  measured  data. 


Membrane  Thickness  (/xm) 

5 

6 

Membrane  Size  (mm) 

1.0 

1.5 

2.0 

1.0 

1.5 

2.0 

Measured  (/rm) 

9.30 

17.50 

24.80 

7.36 

15.20 

23.48 

FEM  (/rm) 

10.46 

19.60 

27.78 

8.24 

17.03 

26.29 

FEM  Error  (%) 

12.4 

12.0 

12.0 

11.9 

12.0 

11.9 

Analytic  (/rm) 

13.24 

19.87 

26.49 

10.09 

12.20 

24.90 

Analytic  Error  (%) 

42.3 

13.5 

6.8 

37.1 

13.1 

6.04 

Table  23.  Deflection  ranges  between  0  psi  and  10  psi  for  all  membranes. 


5/im 

6/im 

1.0mm 

6.57 

5.66 

1.5mm 

10.73 

7.78 

2.0mm 

14.33 

13.56 

Looking  down  the  columns  of  table  23  and  comparing  the  different  sized  mem¬ 
branes  of  the  same  thickness,  we  see  that  as  the  size  of  the  membrane  increases,  so 
does  its  deflection  over  a  given  pressure  range.  This  is  attributed  to  two  factors.  First, 
as  the  membranes  increase  in  size,  their  overall  stiffness  decreases,  making  them  less 
resistant  to  an  applied  force.  Secondly,  as  the  membranes  increase  in  size,  the  same 
amount  of  pressure  on  a  larger  surface  area  results  in  a  greater  applied  force  to  the 
membrane  causing  it  to  deflect  further. 

Looking  across  the  rows  of  table  23  and  comparing  the  same  sized  membranes  of 
different  thicknesses,  we  see  that  the  6/rm  thick  membranes  deflect  less  than  the  5/im 
membranes  of  the  same  size.  This  can  be  directly  attributed  to  the  flexural  rigidity 
of  the  membranes.  Looking  back  at  equations  8-11  we  see  that  as  the  thickness  of  the 
membrane  is  increased,  so  is  its  flexural  rigidity.  This  greater  flexural  rigidity  results 
in  thicker  membranes  having  a  ’’flatter”  response  than  a  thinner  membrane  would  to 
the  same  applied  pressure. 
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5.1.2  Deflection  vs.  Temperature. 


Membrane  temperature  vs.  deflection  results  indicated  that  smaller  the  mem¬ 
brane,  the  less  it  deflects  for  a  given  temperature  increase.  Table  24  summarizes  the 
change  in  deflection  of  each  membrane  over  a  given  temperature  range. 

Table  24.  Deflection  ranges  over  applied  temperature  range  for  each  different  mem¬ 
brane. 


5/im 

6/im 

1.0mm 

8.568 

4.896 

1.5mm 

12.857 

5.735 

2.0mm 

15.768 

9.040 

Looking  down  the  columns  of  table  24  and  comparing  the  different  sized  mem¬ 
branes  of  the  same  thickness,  we  see  that  as  the  size  of  the  membrane  increases,  so 
does  its  deflection  over  a  given  temperature  range.  Referring  back  to  equation  7  we 
see  that  the  critical  stress  of  the  membrane  decreases  as  its  size  increases.  Accord¬ 
ing  to  equation  3,  as  the  critical  stress  decreases  with  respect  to  the  applied  stress, 
deflection  will  increase.  In  other  words,  a  membrane  with  a  lower  critical  stress  will 
deflect  more  than  a  membrane  with  a  higher  critical  stress  for  the  same  applied  tem¬ 
perature.  The  relation  between  the  membrane  size  and  its  deflection  for  the  same 
applied  temperatures  is  summarized  in  table  25. 

Table  25.  Summary  of  the  relation  between  membrane  size  and  deflection  for  the  same 
applied  temperature. 


Membrane  Size 

Critical  Stress 

Deflection 

t 

t 

t 

Looking  across  the  rows  of  table  24  we  see  that  as  the  thickness  increases,  the 
deflection  range  decreases.  Again  referring  to  equation  7  we  see  that  the  critical 
stress  of  the  membrane  increases  as  the  flexural  rigidity  of  the  membrane  increases. 
The  membrane  deflection  will  be  smaller  for  a  greater  critical  stress  critical  stress 
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at  same  applied  temperature.  The  relation  between  the  membrane  thickness  and  its 
deflection  for  the  same  applied  temperatures  is  summarized  in  table  25. 


Table  26.  Summary  of  the  relation  between  membrane  thickness  and  deflection  for  the 
same  applied  temperature. 


Membrane  Thickness 

Critical  Stress 

Deflection 

t 

t 

t 

5.1.3  Pressure  Sensor  Sensitivity. 

Figure  84  is  a  plot  of  all  the  sensitivity  for  all  six  pressure  sensors  over  the  range  of 
applied  temperature  and  pressure.  It  can  be  seen  here  that  two  pressure  sensors  made 
from  the  2.0mm  by  2.0mm  membranes  have  the  greatest  overall  range  of  sensitivity 
while  the  pressure  sensors  made  from  1.0mm  by  1.0mm  membranes  have  the  least 
overall  range  of  sensitivity.  Additionally,  the  6/im  thick  pressure  sensors  exhibit  a 
“flatter”  response  to  applied  pressure  than  the  5/im  thick  pressure  sensors  do  for 
the  same  applied  temperature.  For  each  size  membrane,  there  is  a  cross-over  point 
of  the  sensitivity  response  curves.  This  happens  because  as  pointed  out  earlier,  the 
thinner  membranes  will  have  a  greater  initial  deflection,  but  since  they  have  a  wider 
sensitivity  response  than  the  flatter  sensitivity  response  of  their  6/im  counterparts, 
they  will  eventually  cross  over. 
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Figure  84.  Plot  of  the  pressure  sensitivity  vs.  applied  pressure  5/im  and  6/xm  thick, 
l.Omm,  l.Smrn,  and  2.0nim  membranes.  The  2.0mm  pressure  sensors  exhibit  the  widest 
range  of  sensitivity,  with  the  5/im  thick  pressure  sensor  having  the  widest  of  all. 


5.2  Bonding  and  Integration  Analysis 


The  results  of  the  seperation  force  testing  performed  on  the  bonded  SU-8  samples 
was  presented  earlier  in  chapter  IV.  Further  statistical  analysis  is  required  in  order 
to  make  any  valid  inferences  about  this  data.  This  analysis  is  presented  here. 


5.2.1  SU-8  Bonding  Analysis. 

Further  examination  of  the  residuals  by  plotting  the  semi-studentized  residuals 
against  the  predictor  variable  of  UV  exposure  time  revealed  a  non-constancy  of  vari¬ 
ance  and  a  non-normal  distribution  illustrated  by  Figure  85.  This  megaphone  shape 
of  the  residual  plot  indicates  the  error  variance  is  larger  for  longer  UV  exposure  doses. 


Y-0.2  _  I 

-0.29815 


(28) 


In  order  to  remedy  the  non-constant  variance  and  non-normality,  a  Box-Cox  trans¬ 
formation  (Equation  28)  was  performed  on  the  raw  data  where  Y’  is  the  transformed 
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Figure  85.  Plot  of  the  semi-studentized  residuals  versus  the  predictor  variable  of  UV 
exposure  time  indicate  a  non-constant  error  variance.  The  outlined  ’’megaphone”  shape 
indicates  that  the  error  variance  increases  as  UV  exposure  times  are  increased. 


Figure  86.  A  predictor  trend-line  fitted  to  the  transformed  data  of  the  separation 
testing  was  found  to  be  non-zero  with  95%  confidence. 
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data  for  the  separation  force  and  Y  is  the  original  separation  force.  Equation  29  is 
the  resulting  trend-line  for  the  transformed  data. 

V  =  -1.0093  +  0.073X,  (29) 

The  new  trend-line,  shown  in  Figure  86,  analyzed  with  a  two-sided  t-test,  corroborated 
the  initial  analysis  revealing  an  improved  95%  conhdence  level  that  the  raw  data 
exhibited  a  non-zero  slope.  Additionally,  the  new  value  was  0.39  meaning  that 
39%  of  the  variability  of  the  separation  force  can  be  attributed  to  the  UV  exposure 
dose.  Residual  analysis  for  this  new  trend-line  model  shows  a  constancy  of  variance 
and  normal  distribution  of  residuals  (Figure  87)  indicating  that  the  inferences  made 
about  this  model  are  valid.  Further  analysis  of  the  semi-studentized  residuals  of  this 
transformed  data  revealed  no  statistical  outliers  in  the  raw  data. 

Additional  analysis  of  the  transformed  data  reveals  that  the  residuals  now  fall 
on  a  normal  distribution,  further  emphasizing  that  the  inferences  about  the  non¬ 
zero  slope  of  the  relation  between  the  UV  exposure  time  and  separation  force  are 
valid.  A  Shapiro-Wilks  test  on  these  residuals  also  indicates  that  they  are  normally 
distributed. 

The  power  of  the  test  when  the  slope  of  the  predictor  trend-line  of  0.073  is  found 
to  be  approximately  96%  meaning  that  if  is  0.073  we  are  almost  certain  to  conclude 
that  there  is  a  linear  relation  between  UV  exposure  time  and  separation  force. 

Since  the  only  variable  examined  in  this  experiment  was  UV  exposure  dosage,  the 
remaining  60%  cannot  be  dehnitively  determined,  however,  we  speculate  that  the  re¬ 
maining  variability  may  be  attributed  to  stochastic  factors  such  as  PEB  temperature, 
him  thickness,  and  data  collection  uncertainty.  SU-8  robustness  to  etching,  a  neces¬ 
sary  attribute  for  materials  used  in  MEMS  assembly  and  packaging,  was  investigated 
next. 
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Figure  87.  Plot  of  the  semi-studentized  residuals  of  the  transformed  data  versus  the 
predictor  variable  of  UV  exposure  time  show  a  constancy  of  variance  indicating  that 
inferences  made  about  this  data  set  are  valid. 

5.2.2  Etch  Resiliency  of  Cross-linked  SU-8. 

Etch  rates  were  determined  by  examining  the  difference  between  the  initial  and 
post-etch  thicknesses.  The  overall  negative  slope  of  the  data  shows  a  lowered  thick¬ 
ness  delta  indicating  that  increased  levels  of  UV  dosage  (and  higher  degrees  of  cross- 
linking)  resulted  in  higher  SU-8  etch  resiliency.  Similar  results  were  observed  regard¬ 
less  of  the  post-exposure  etch  time.  The  15  minute  etch  line,  shown  in  Figure  89, 
reveals  a  37  nm/min  etch  rate  with  5  sec  of  UV  exposure  and  21  nm/min  etch  rate 
with  a  15  sec  exposure  resulting  in  an  improved  etch  resiliency  of  43.2%.  The  5  minute 
etch  line  revealed  a  58.3%  increase  in  etch  resiliency  with  increased  UV  exposure. 

Based  on  these  initial  results  SU-8  appears  to  be  an  excellent  material  for  flip- 
chip  bonding  and  packaging  MEMS  and  other  microelectronic  devices  that  will  be 
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Normal  Quantile  Plot 


Figure  88.  Distribution  plot  of  the  residuals  of  the  transformed  data.  The  close  fit  of 
data  points  to  the  line  indicate  a  normalcy  of  distribution. 


UV  Exposure  Time  (seconds) 


■Thickness Change  of  5 
minute  etch 


•Thickness Change  of 
15  minute  etch 


Figure  89.  Plot  of  the  thickness  delta  as  it  relates  to  UV  exposure  time.  The  negative 
slope  of  the  trend-lines  indicate  that  higher  UV  dosages  decrease  the  etch  rate  of  SU-8. 
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investigated  in  this  research  effort.  However,  this  bonding  method  did  not  integrate 
well  with  the  released  membranes.  While  suitable  for  packaging  of  other  MEMS 
structures  that  have  the  entire  substrate  to  support  them,  the  buckled  membranes 
proved  to  be  too  fragile  for  the  bonding  pressures  required  for  bonding  with  SU-8. 
After  multiple  attempts,  the  membrane  would  be  destroyed  each  time. 

5.3  Multidirectional  actuator 

The  multidirectional  heater,  with  one  quadrant  being  heated  demonstrated  local¬ 
ized  deflection  13/im  higher  than  the  membrane  center  which  peaked  300/xm  from  the 
membrane’s  center  point.  Based  on  these  measurements,  analysis  predicts  that  the 
best  tilt  angle  of  a  micromirror  bonded  to  the  membrane  would  be  2.48°  with  7  volts 
applied  to  that  quadrants  heater  as  illustrated  by  Figure  90. 


300 (un 


Figure  90.  Figure  illustrating  the  calculation  of  the  expected  tilt  angle  of  the  micromir¬ 
ror  based  on  the  measured  profiled  of  the  membrane  under  localized  heating. 

The  actual  measured  tilt  angle  for  7  volts  applied  was  an  average  of  0.73°.  When 
the  micromirror  pillar  is  bonded  to  the  center  of  the  membrane,  it  deforms  the  shape 
of  the  membrane  slightly  causing  the  peak  of  the  membrane  to  flatten  out.  This 
deformation  is  a  new  source  of  stress  within  the  membrane  which  counteracts  the 
stressed  induced  by  the  increase  in  temperature  causing  a  smaller  localized  deflection. 


121 


5.4  Summary 


This  chapter  provided  an  analysis  of  the  results  of  analytic  and  FEM  modeling 
of  the  buckled  membranes  as  well  as  measured  data  of  the  fabricated  devices.  With 
this  analysis,  behavior  of  these  membranes  is  related  to  and  explained  by  the  theory 
outlined  in  Chapter  II.  Additionally,  the  results  of  the  SU-8  bonding  studied  were 
analyzed  to  show  the  statistically  signihcant  relationship  between  the  degree  of  SU-8 
cross  linking  and  its  bond  strength  and  etch  resiliency. 

The  following  chapter  will  provide  conclusions  and  recommendations  such  as  pos¬ 
sible  future  research  as  well  as  contributions  generated  by  this  research. 
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VI.  Conclusions  and  Recommendations 


This  chapter  will  summarize  this  research  effort.  The  individual  accomplishments 
of  this  research  will  be  stated  and  a  brief  description  provided.  Following  this,  rec¬ 
ommendations  of  future  work  will  be  provided  based  on  both  observations  of  what 
could  be  improved  with  the  current  design,  as  well  as  new  ideas  within  the  realm  of 
MEMS  buckled  membranes. 

6.1  Contributions 

Several  contributions  have  been  made  as  a  direct  result  of  this  research  effort. 
These  contributions  are  listed  as  follows. 

6.1.1  Tunable  Pressure  Sensor. 

A  tunable  pressure  sensor  was  designed,  fabricated,  and  characterized.  It  was 
found  that  by  electrothermally  tuning  and  increasing  the  stiffness  of  a  membrane,  it’s 
sensitivity  to  an  applied  pressure  is  decreased.  This  has  applications  to  situations 
where  there  maybe  be  a  “noisy”  pressure  environment  such  as  on  a  test  set  up  with  a 
leaky  valve,  or  a  lab  environment  where  there  environmental  pressure  fluctuates.  The 
ability  to  decrease  the  sensitivity  of  a  pressure  sensor  will  allow  this  pressure  noise  to 
be  filtered  ont  of  any  measurements  [113,  114] 

6.1.2  Volumetric  Actuator. 

A  volumetric  actuator  was  realized  out  of  a  MEMS  buckled  membrane.  An  vari¬ 
able  volume  cavity  has  applications  in  the  field  of  microflnidics,  specifically  as  a 
tnnable  microflnidics  capacitor  for  use  in  microflnidics  circnits.  In  typical  microfln- 
idic  circits,  the  volume,  and  thus  capacitance,  of  a  cavity  is  a  fixed  valne.  The  ability 
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to  adjust  this  capacitance  could  be  useful  in  resonant  circuits  or  situations  where  the 
pressure  must  be  maintained  within  a  high  degree  of  precision  [115]. 

6.1.3  Multidirectional  Thermal  Actuator. 

A  multidirectional  electrothermal  actuator  was  designed,  fabricated,  and  charac¬ 
terized.  It  was  found  that  by  heating  a  specific  quadrant  of  a  buckled  membrane, 
localized  heating  results  in  a  localized  deflection  of  that  quadrant  of  the  membrane. 
This  is  useful  in  the  area  of  electro-optics  for  beam  steering  applications. 

6.1.4  MEMS  Bonding  and  Packaging  with  SU-8. 

The  effects  of  SU-8  cross-linking  was  correlated  to  its  bond-strength  and  etch 
resiliency  was  investigated  and  characterized.  It  was  found  that  higher  degrees  of 
cross-linking  resulting  from  increased  UV  exposure  increased  both  the  bond  strength 
and  etch  resiliency  of  SU-8  when  it  is  used  as  a  bonding  and  packaging  material.  While 
the  use  of  SU-8  for  bonding  ultimately  was  not  applicable  for  assembling  structures  in¬ 
corporating  buckled  membranes,  this  knowledge  is  ultimately  useful  for  other  MEMS 
packaging  and  assembly  applications  [116]. 

6.2  Future  Work  Recommendations 

While  this  research  characterized  the  performance  of  different  sized  buckled  mem¬ 
branes  and  and  successfully  characterized  three  different  devices  which  incorporated 
these  membranes,  there  is  still  much  room  for  future  work  and  improvement. 

6.2.1  Micromirror  Actuator  Optimization. 

The  devices  demonstrated  in  this  research  effort  were  successful  proofs-of-concept, 
but  there  is  room  for  improvement  in  their  design.  A  possible  improvement  to  the 
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design  of  the  multidirectional  actuator  would  be  mount  the  mirror  using  four  smaller 
pillars  oriented  over  the  points  of  maximum  deflection  in  each  of  the  quadrants  in¬ 
stead  of  the  single  300/im  by  300/im  pillar  situated  in  the  center  of  the  membrane 
as  illustrated  by  Figure  91.  This  could  potentially  increase  the  degree  of  tilt  of  the 
design,  resulting  in  a  more  useful  device. 


Micromirror  Surface 


Figure  91.  Diagram  of  a  multipillar  micromirror  with  pillars  located  over  the  points  of 
maximum  deflection  of  the  multidirectional  actuated  membrane. 


6.3  Summary 

This  chapter  has  provided  a  discussion  of  the  overall  results  and  contributions 
of  this  research  effort.  Additionally,  recommendations  for  future  research  and  ap¬ 
plications  were  made.  The  following  appendices  provide  more  detailed  information 
pertinent  to  this  research  such  as  the  fabrication  processes,  photolithographic  mask 
layouts,  and  data  tables  of  collected  measurements  results. 
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Appendix  A 


A-1  Heater  Fabrication  Process  Follower 


Init. 

Process  Step 

Notes 

Date 

Time 

INSPECT  SAMPLE 

o  Note  any  defects 

Start  Date 

Start  Time 

SETUP 

0  Start  MJB3  to  step  4  wait  till  suss  power  shows  275W 
o  Start  DUV  system,  needs  10  min  to  warm  up. 

SOLVENT  CLEAN 

0  20  sec  acetone  rinse 

0  20  sec  methanol  rinse 

0  20  sec  isopropyl  rinse 

0  Dry  with  nitrogen  at  500  rpm 

0  Dry  wafer  with  nitrogen  on  clean  texwipes 

0  1  min  65°C  hot  plate  bake 

0  1  min  95°C  hot  plate  bake 

APPLY  SF11 

0  Dropper  SF1 1  over  sample 

0  Ensure  sample  is  completely  covered  to  the  edges 

0  4  sec  500  rpm 

0  30  sec  4000  rpm 

0  3  min  1 1 0*C  hot  plate  bake 

APPLY  1818 

0  Dropper  1818  over  sample 

0  Ensure  sample  is  completely  covered  to  the  edges 

0  4  sec  500  rpm 

0  30  sec  4000  rpm 

0  3  min  1 1 0*C  hot  plate  bake 

EXPOSE  1818 

0  Finish  setting  up  MJB3 

0  Clean  Mask  (ensure  cap  is  on  the  spinner) 

0  Put  mask  on  the  holder 

0  Carefully  raise  stage  to  see  height,  adjust  appropriately 

0  Center  sample  within  one  inch  window  for  alignment.  Use  the  resistor 
mask. 

0  8  sec  expose,  may  need  longer  depends  on  thickness.  SU-8  manual  lists 
the  amount  of  energy  necessary  to  fully  expose. 

DEVELOP 

0  45  sec  spin  at  500  rpm,  spray  with  351  (5/1  351/DI)  developer. 

0  30  sec  spin  at  500  rpm  and  spray  Dl  H2O. 

0  Rinse  sample  and  dry  with  nitrogen. 

EXPOSE  SF11 

0  200  sec  flood  expose,  may  need  longer  depends  on  thickness. 

DEVELOP 

0  Partially  fill  small  container  with  SAL  101  developer,  (enough  to  cover 
sample). 

0  Submerge  sample  in  developer  for  1  minute.  Slight  agitation. 

0  Rinse  sample  and  dry  with  nitrogen. 

EVAPORATE  TI/AU 

0  Need  500A  of  Ti  and  3000A  of  Au  deposited  on  top  side  of  sample. 

0  Follow  backside  etch  process  after  evaporation  and  before  release. 

RELEASE 

0  Fill  beaker  with  %  inch  of  1 165  stripping  agent. 

0  120°C  heat  on  hot  plate  until  liquid  reaches  90°C,  cover  with  foil. 

0  20  min  sample  soak  in  acetone.  Slight  agitation  ok.  NO  ULTRASONIC, 
samples  will  break 

0  Submerge  sample  in  developer  for  10  minutes.  Slight  agitation. 

0  Rinse  sample  and  dry  with  nitrogen. 

Inspect  resistors  turned  out  as  expected. 

Finish  Date 

Finish  Time 

Figure  A-1.  Process  follower  for  heater  fabrication 
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A-2  Membrane  Fabrication  Process  Follower 


Init 

Process  Step 

Notes 

Date 

Time 

INSPECT  SAMPLE 

0  Note  any  defects 

Start  Date 

Start  Time 

SETUP 

0  Start  MJB3  to  step  4  wait  till  suss  power  shows  275W 

SOLVENT  CLEAN 

o  20  sec  acetone  rinse 

o  20  sec  methanol  rinse 
o  20  sec  isopropyi  rinse 
o  Dry  with  nitrogen  at  500  rpm 
o  Dry  wafer  with  nitrogen  on  clean  texwipes 

0  1  min  65*C  hot  plate  bake 
o  1  min  95*C  hot  plate  bake 

Apply  SU8 

o  Dropper  SU8  over  sample  (do  not  let  dropper  touch  edge  of  bottle) 

0  Ensure  sample  is  completely  covered  to  the  edges 

0  4  sec  500  rpm 

o  30  sec  2800  rpm  gives  17microns  approx  (2000  rpm  as  backup) 
o  Clean  back  of  sample  with  acetone  on  a  swab  after  sample  finishes  spinning 
o  3  min  65°C  hot  plate  bake 

0  7  min  65*C  hot  plate  bake 
o  Inspect 

Expose 

o  Finish  setting  up  MJB3 
o  Clean  Mask  (ensure  cap  is  on  the  spinner) 

0  Put  mask  on  the  holder 

o  Carefully  raise  stage  to  see  height,  adjust  appropriately 

o  23  sec  expose,  may  need  longer  depends  on  thickness.  SU-8  manual  lists  the  amount  of  energy 
necessary  to  fully  expose. 

0  1  min  65*C  hot  plate  bake 
o  3  min  95*C  hot  plate  bake 

Develop 

o  Partially  fill  small  container  with  SU-8  developer,  (enough  to  cover  sample). 

0  Submerge  sample  in  developer  for  4  minutes.  Slight  agitation, 
o  Rinse  sample  and  dry  with  nitrogen. 

Develop 

o  3  min  65*C  hot  plate  bake 

0  30  min  1 1 0*C  hot  plate  bake 

Inspect  finished  etch  holes  under  optical  microscope. 

Finish  Date 

Finish  Time 

Figure  A-2.  Process  follower  for  membrane  fabrication 
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A-3 


Mask  Fabrication  Process  Follower 


Load  Design 

□Load  selected  mask  design  onto  Heidelberg  Software 
□Verify  design  is  correct  in  Layout  Editor 
□Set  mask  writer  to  8mW  power  with  a  90%  duty  cycle 
□Load  a  mask  blank  (photoresist  side  up) 

□Turn  on  vacuum  chuck 
□Run  the  program 

Develop 

□Once  program  is  complete,  remove  the  mask 
□Shut  down  Heidelberg  software  if  no  more  masks  to  be 
written 

□Submerge  mask  in  developer  solution  (3:1  DI  Water:351 
Developer)  with  agitation  for  30  seconds 
□Rince  with  DI  water  for  30  seconds 
□Inspect  for  full  development  under  microscope 

Chrome  Etch 

□Submerge  mask  in  CR44  chrome  etchant  for  80  seconds  with 
agitation 

□Rinse  with  DI  water  for  30  seconds 
□Inspect  for  etch  completeness  under  microscope 

Resist  Removal 

□30  sec  acetone  rinse 

□30  sec  methanol  rinse 

□30  sec  isopropyl  rinse 

□Dry  with  nitrogen  at  500  rpm 

□Dry  wafer  with  nitrogen  on  clean  texwipes^ 

□Plasma  ash  mask  for  5  minutes  at  75W  to  remove  any 
remaining  photoresist 

Finish  Date 

Finish  Time 

Figure  A-3.  Process  follower  for  photomask  fabrication 
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Appendix  B. 


B-1  1.0mm,  1.5mm,  and  2.0mm  Heater  Mask 


■fti  iSa  db  ila  ala 

■li  til  "B*  ala  ala 

all  all  ala  ala  ala 

■Bb  bBb  bBb  bBb  ala 

all  ala  ala  ala 

XXX  XX 

*■.  ‘■.‘1.  ‘I. 

xxxx 

Figure  B-1.  Mask  pattern  for  fabrication  of  l.Omm,  l.Srnm,  and  2.0nini  Heaters 
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B-2 


1.0mm,  1.5mm,  and  2.0mm  Membrane  Mask 


Figure  B-2.  Mask  pattern  for  fabrication  of  l.Omm,  l.Smrn,  and  2.0nim  Membranes 
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B-3  Multidirectional  Heater  Mask 


♦it* 

♦i^ 

*TV 

♦j^ 

♦it* 

X 

X 

X 

X 

X 

X 

X 

X 

Figure  B-3.  Mask  pattern  for  fabrication  of  multidirectional  heaters  and  membranes. 
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B-4  Spacer  Assembly  Method  Mask 


Figure  B-4.  Mask  pattern  for  spacer  assembly. 
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B-5 


Pillar  Mask 


Figure  B-5.  Mask  pattern  for  the  fabrication  of  300^m  pillars. 


133 


Appendix  C. 


C-l  Solvent  Hood 


Figure  C-l.  Solvent  hood  used  for  photolithography  steps  and  any  use  of  solvents  for 
cleaning. 
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C-2  Heidelberg  /iPG  101  Mask  Writer 


Figure  C-2.  Heidelberg  /^PG  101  direct  write  mask  writer  used  for  making  4”  pho¬ 
tomasks  used  during  photolithography. 
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C-3  Karl  Suss  MJB-3  Mask  Aligner 


Figure  C-3.  MJB-3  mask  aligner  used  for  exposing  photoresist  during  the  lithographic 
process.  Exposure  time  is  variable  depending  on  the  type  and  thickness  of  photoresist 
being  exposed. 
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C-4  STS  Pegasus  Deep  Reactive  Ion  Etcher 


Figure  C-4.  STS  Pegasus  deep  reactive  ion  etcher  at  the  University  of  Michigan,  Lurie 
Nanofabrication  Facility. 
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C-5  Anatech  USA  SP-100  Plasma  Asher 


Figure  C-5.  This  tool  is  used  to  clean  samples  to  prepare  them  for  subsequent  steps 
such  as  photolithography  or  metal  evaporation. 


138 


C-6  Semiconductor  Equipment  Corp.  860  Eagle  Bonder 


Figure  C-6.  This  tool  is  used  for  flip  bonding  two  samples  together.  It  is  capable  of 
providing  precise  alignment,  variable  bond  pressure,  and  variable  temperature. 
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C-7  Quanta  3D  200i  Scanning  Electron  Microscope 


Figure  C-7.  Quanta  3D  200i  scanning  electron  microscope  used  to  provide  SEM  images 
of  devices. 
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Appendix  D 


D-l  Visual  Bibliography 


-Arya 

Thermally  actuated 
bistable 

oxide/silicon/metal 

membranes 


-Wilmsen 
Buckling  of 
Thermally  Grown 
Si/SiO,  Thin  Films 


-Popescu 

Buckled 

Membranes  for 
Microstructures 


-Starman 

Using  Micro-Raman 
Spectroscopy  to 
Assess  MEMS 
Si/Si02 


-Timoshenko 
Theory  of  Elastic 
Stability 


-Wagner 

Bistable  microvalve 
with  pneumatically 
coupled 
membranes 


-Almen 
The  uniform- 
section  disk  spring 


Figure  D-l.  Visual  Bibliography. 
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Appendix  E. 


E-1  Mass-Deflection  Study 

An  experiment  was  performed  to  study  the  ability  of  the  membrane  to  serve  as 
an  actuator.  A  silicon  mass  was  fabricated  out  of  hve  silicon  chips  (2.0mm  long  by 
2.0mm  wide  by  1.0mm  thick)  bonded  together  with  SU-8.  Given  the  density  of  silicon 
(2.33g/cm^)  this  creates  a  mass  of  0.0093g  which  would  result  in  a  force  of  91.34/iN. 

The  total  height  of  the  mass  was  measured  at  500.08/im  using  the  Zygo.  The  mass 
was  then  bonded  to  the  top  of  the  1.5mm  by  1.5mm  square  membrane.  Having  a  mea¬ 
sured  stiffness  of  approximately  500/rN//im,  this  is  expected  to  cause  the  membrane 
to  deflect  downward  by  0.18/im.  This  deflection  was  to  be  determined  by  measuring 
the  height  of  the  top  of  the  mass  with  respect  to  the  substrate,  and  subtracting  the 
known  height  of  the  mass.  This  would  give  the  height  of  the  membrane.  By  com¬ 
paring  that  amount  to  the  non-weighted  deflection  of  the  membrane,  the  amount  of 
deflection  due  to  the  mass  could  be  determined.  Unfortunately,  with  the  Zygo  conhg- 
ured  to  measure  from  the  top  of  a  5mm  tall  mass,  a  deflection  of  .18/im  is  within  the 
noise  floor,  and  not  possible  to  get  a  reliable  measurement.  Future  study  of  the  effect 
of  mass  on  these  membranes  would  require  the  use  of  either  more  sensitive  equipment. 

One  important  takeaway  from  this  experiment  is  the  validation  of  the  scaling  laws 
and  how  they  relate  to  mass  in  MEMS  devices.  In  the  macro  world,  mass  is  an 
important  factor  for  consideration,  however,  when  scaled  down  to  the  MEMS  level, 
mass  becomes  far  less  significant  of  a  factor  to  consider. 
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